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Electric vehicle (EV) fleet has constantly increased over the last years and higher adoption 
is expected in the coming decades. A key aspect to support and boost the EV uptake is the 
adequate availability (number, locations, and sizes) of fast charging stations (FCSs) to enable 
inter and intra-city travels. As these studies require the modelling of large geographical regions 
and several uncertainties, increasing considerably the dimension and complexity of the 
problem, a methodology able to provide the least-cost solution might be more relevant from a 
practical application perspective than a classical optimization-based approach. In this Ph.D. 
thesis is, therefore, proposed a scalable and holistic methodology that integrates high-resolution 
data of traffic flow and simulations of multi-phase electrical distribution systems to be applied 
to metropolitan areas to find number, locations, and sizes of FCSs considering the least societal 
cost and uncertainties in driving patterns. First, potential FCSs locations are determined based 
on traffic flow and then progressively explored to quantify capital (equipment and land) and 
indirect costs (loss of productivity related to the traffic flow, and necessity of reinforcements 
related to the electrical system) to obtain the least-cost solution. The applicability of the 
proposed method is evaluated by using a Brazilian real case study comprising a metropolitan 
region with 6 cities and 26 primary substations. The flexibility of the proposed approach is also 
investigated by adapting the original model considering the perspective of third-part investors, 
as FCSs is determined as a long-term investment that must be well-planned considering as many 
aspects as possible. Finally, the proposed concept is also applied to analyse the potential of 
grid-edge technologies, such as photovoltaic generators and energy storage systems, to reduce 
the impacts of FCSs in the electric system and reduce the long-term costs. 
Keywords: Distribution systems, electric vehicles, fast charging stations, stochastic 





A frota de veículos elétricos (VEs) tem crescido ao longo dos anos e uma maior adoção 
é esperada nas próximas décadas. Um aspecto chave para auxiliar na inserção dos VEs é a 
adequada disponibilidade (número, locais e tamanhos) das estações de recarga rápida 
(ERRs) que auxiliam em viagens, tanto entre cidades quanto dentro das cidades. Dado que 
estes estudos requerem a modelagem de grandes regiões considerando incertezas, 
aumentando consideravelmente a dimensão e complexidade do problema, uma 
metodologia capaz de fornecer uma solução de custo-benefício pode ser preferível, do 
ponto de vista prático, em comparação com um método de otimização clássico. Este projeto 
propõe o desenvolvimento de uma metodologia holística escalonável que integra 
simulações de fluxo de veículos e simulações multifásicas de redes elétricas em alta 
resolução (minutos) com propósito de encontrar o número, os locais e tamanhos de ERRs 
que propiciam o menor custo para a sociedade considerando incertezas nos padrões de 
fluxo de veículos. Primeiro, nesta metodologia são determinados os potenciais locais de 
instalação de ERRs com base na análise de tráfego, e na sequência, são explorados estes 
locais com propósito de quantificar custos diretos (equipamentos e terreno) e indiretos 
(perda de produtividade e reforços de rede) para encontrar a solução de menor custo. A 
metodologia é testada em um estudo de caso real brasileiro compreendendo 6 cidades e 26 
subestações elétricas. A flexibilidade da metodologia é também investigada adaptando o 
modelo original para considerar a perspectiva de um investidor privado, pois a instalação 
de ERRs é definida com um investimento de longo prazo que necessita ser planejado 
considerando o máximo de aspectos possíveis. Por fim, a metodologia proposta também é 
utilizada para avaliar o potencial de tecnologias disruptivas, como geradores fotovoltaicos 
e baterias, com propósito de reduzir os impactos de ERRs nas redes elétricas. 
 
 
Palavras-chave: Sistemas de distribuição de energia elétrica, veículos elétricos, 
estação de recarga rápida, análise estocástica, fluxo de veículos, sistemas de transportes. 
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As society seeks to address future energy requirements in a rapidly growing and 
changing world, achieving sustainable transportation has emerged as a vital mission. 
Electric mobility rises as a potential solution to break the oil dependency and accomplish 
CO2 reduction targets. Although the electric vehicle (EV) has been created more than a 
century ago, in the beginning of the mechanical transportation, internal combustion engines 
(ICE) vehicles became the primary choice due to the maturity of the technology and the 
influence of the petroleum industry [1]. In the last decade, the world debate on climate 
change combined with the price volatility of fossil fuels have incited this centenary 
discussion, and, in response, investments of automobile manufacturers in EVs have rapidly 
increased. As a consequence, in 2019 the EV fleet worldwide, composed of plug-in hybrid 
electric vehicles (PHEVs) and battery electric vehicles (BEVs), surpassed the 7-million 
threshold, as illustrated in Figure 1.1 [1]. Technological developments, price reduction, and 
government incentives are expected to continue supporting the growth over the coming 
decades [2]. 
 







































An example of commitment to the electric mobility is the sales/traffic ban of ICE 
vehicles from countries/cities (at least in specific regions). These countries and their targets 
to ban ICE vehicles are shown in Table I [1], with 70% of them located in Europe. 
Consequently, major automotive manufactures have announced the discontinuity of their 
production of ICE vehicles [1]. 
Table I. Announced sales/traffic ban of internal combustion engine vehicles (extracted from [1]). 
Country 2025 2030 2040 2050 
Canada   X  
Cabo Verde    X 
Costa Rica    X 
Denmark  X   
France   X  
Germany    X 
Iceland  X   
Ireland  X   
Israel  X   
Netherlands  X   
Norway X    
Portugal   X  
Slovenia  X   
Spain   X  
Sri Lanka   X  
Sweden  X   
United Kingdom   X  
 
In Brazil, the scenario of the electric mobility is incipient but with high potential to 
grow. Sales of EVs started in 2012, mainly by enthusiasts and research and development 
projects regulated by the Brazilian Electricity Regulatory Agency (ANEEL). Since then, 
sales per month and total fleet continue to increase (disregarding 2020 due to the economic 
crisis caused by the COVID-19 pandemic) [3], as shown in Figure 1.2 and Figure 1.3, 
respectively. This trend follows the initial stage seen in countries such as China and USA 
that heavily invested in EVs and now account for the first and second largest EV fleets 
worldwide, respectively (Figure 1.1). For the Brazilian case, the Energy Research Office 
(from Portuguese, Empresa de Pesquisa Energética - EPE) has forecasted a 3% 
22 
 
participation of EVs in the fleet by the end of 2029 [4], which is three times the global EV 
stock by the end of 2019 [1]. 
 
Figure 1.2. Evolution of Brazilian EV sales from January 2012 to May 2020 [3]. 
 
Figure 1.3. Evolution of Brazilian EV fleet from January 2012 to May 2020 [3]. 
To ensure the future widespread adoption of EVs it is crucial to have a timely and cost-
effective deployment of the corresponding charging infrastructure. Charging points are, 
generally, categorized according to the maximum power supplied as slow (up to 22 kW) 
and fast (above 22 kW) [1], [5], [6]. There are points installed for private use, e.g., 
















































supermarket). Public charging points can be installed individually or forming a station 
(multiple points electrically grouped). The number of public chargers available worldwide 
grew 60% from 2018 to 2019 (Figure 1.4), with public fast charging stations (FCSs) 
representing almost one-third of this infrastructure [1]. 
There are in the world two basic urban concepts that affects the deployment of the 
charging infrastructure. From one side there are residences without a garage, which implies 
in drivers parking their cars along streets overnight and relaying mostly on public chargers, 
as in many European cities, especially in metropolitan regions such as London and Paris. 
On the other side there are residencies with garages, allowing the owner to have a private 
charger and using the public charging infrastructure as a complement, as in USA and 
Brazil. This will affect not only the relationship among customers and service suppliers, 
but this also influences who will invest to provide public charging services, e.g., private 
investors are more likely to exist in regions of dense infrastructure, as this is a potential 
profitable business, while governmental agencies and vehicle manufacturers will act in less 
profitable regions, looking for returns by other means (e.g., reducing the urban air pollution 
and increasing the EV market share, respectively). 
From a technical view, there is a need for a charging infrastructure able to provide 
short charging times, which also raises concerns about the potential impacts of multiple 
FCSs with multiple charging points on the technical performance of electric distribution 
system (e.g., voltage and/or congestion issues) and even on the traffic flow, which might 




Figure 1.4. Evolution of global EV chargers (Extracted from [1]). 
From the perspective of metropolitan areas, in which governmental agencies influence 
the deployment of the EV charging infrastructure, the cost of an adequate availability of 
FCSs (number, location, and size) includes more than only the impacts on the electric 
distribution system and the required reinforcements. Indeed, an inadequately deployed 
charging infrastructure could result in larger travel times within the region (caused by 
potential traffic jams) and, therefore, loss of productivity for the population, as more time 
is spent on traffic. Consequently, the capital cost of charging points and land ownership 
(acquisition and annual taxes), the indirect costs due to electric system reinforcements, and 
effects on traffic flows, which are components of the societal cost, should be considered 
simultaneously. Therefore, it is important to evaluate the deployment (planning) of FCSs 
in such a way that their number, location and size (number of charging points) corresponds 
to the least overall cost for society, considering capital and indirect costs due to the impacts 




































In this thesis is proposed a scalable and holistic stochastic methodology that integrates 
high-resolution traffic flow and multi-phase electrical simulations to find the number, 
locations, and sizes of FCSs at the least societal cost considering uncertainties in driving 
patterns. This societal cost is related to the planning of the charging infrastructure. First, 
potential FCSs locations are determined based on traffic flow and then progressively 
explored to quantify capital (equipment and land) and indirect (loss of productivity and 
reinforcements) costs in order to obtain the least-cost solution. To cater for the diversity in 
the driving patterns (from the whole vehicle fleet, not only EVs), this process is performed 
using a Monte Carlo analysis [7]. Despite the primary target of modeling costs considering 
the perspective of the governmental agencies, the methodology is developed to be generic 
and able to consider modified aspects related to the societal cost, such as the private 
investor perspective. 
1.2 STRUCTURE OF THE THESIS 
This thesis is organized as follows: A review of concepts and published works related 
to FCS allocation is presented in Chapter 2.The proposed methodology is introduced in 
Chapter 3. The case study is presented in Chapter 4, whereas the results are shown in 
Chapter 5. Different perspectives and features applied in the methodology are discussed in 
Chapter 6. In Chapter 7, the technical and economic results of studies combining grid-edge 
technologies with the charging stations, such as solar generation and batteries, are 




2 ELECTRIC MOBILITY: CONCEPTS AND PREVIOUS STUDIES 
Electric mobility can be divided in different research fields, however, as stated in 
Chapter 1 this thesis focuses on the combination of transportation and electric areas (with 
economics to merge them) to design the charging infrastructure to metropolitan areas. The 
following sections describe technical details, nomenclature and works related to the electric 
mobility, more specifically, the FCS allocation. This chapter is organized in four sections 
by subject as follows: (i) concepts of EVs and charging stations; (ii) studies considering 
only electric distribution systems; (iii) studies considering only transportation systems; and 
(iv) integrated analyses of transportation and electric systems. In each of the last three 
categories exists a large variety of studies with different objectives, however, the most 
related to the FCS allocation topic are discussed, focusing on their methodologies and 
results. 
2.1 ELECTRIC VEHICLES AND CHARGING STATIONS 
Before understanding impacts, it is necessary to acquire knowledge on the components 
of the electric mobility, i.e., EVs and charging stations. First, as shown earlier in Chapter 1, 
EV sales are growing exponentially around the world. However, the focus in this thesis in 
on BEVs because they rely exclusively on battery packs for energy store (as fuel tank), 
presenting the longest charging times and are the most likely users of FCSs. 
Same as ICE vehicles, EVs have a wide range of construction, motorization, and 
battery packs. Table II shows examples of categories in which EVs of several manufactures 
have their differences. One of the most important categories is the battery pack, same as 
the fuel tank size in an ICE vehicle, which, in combination with the efficiency of the EV, 
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determines the maximum range. This range is used extensively in studies across the 
literature to predict impacts of EV charging events and to define locations to install 
charging stations. 
Table II. Statistics of battery size, efficiency and maximum driving range from real EVs (extracted from [8]). 
Category Minimum Maximum Average 
Battery pack size (kWh) 25 100 60 
Efficiency (km/kWh) 3 9 6 
Maximum driving range (km) 159 480 340 
 
Besides the energy conversion systems, charging stations are similar to an electric 
outlet. There are mainly two categories to classify those stations, as shown in Figure 2.1, 
slow and fast. The first one, and most common, has a subclass described as private charging 
station. In this charger the power demand is generally up to 3.5 kW (current limited to 
16 A), because it is intended to be used in a residence without any electric reinforcement. 
Many EVs have an internal AC/DC converter, simplifying the construction of private 
charging points. 
 
Figure 2.1. Classification of charging stations according to the type, power and suggested installation place [1], 
[5], [6]. 
Parking lots of commercial places can also use this equipment; however, typically 















charging point), electric reinforcements could be required. Also, not every EV has an 
AC/DC converter internally, which increases the cost of this charger. 
The most powerful option to charge the EV is known as fast charger, with the most 
common option around 50 kW, but there are stations reaching 350 kW [1]. With that much 
power, charging times are dramatically reduced to minutes (less than 30 minutes to fully 
charge an EV from empty battery). Fast charger is the equipment more similar to a petrol 
station nowadays. However, also due to the high-power demand, dedicated electric 
installations are necessary (with exclusive transformers connected to the medium-voltage 
– MV – systems), which makes the total cost of installation a large investment. Currently, 
the most common use of this charger is in the entry/exit of cities and along highways, 
however, in early stages, petrol stations were placed at the same spots, then started to be 
deployed within cities as the demanded of fuel increased; same can happen to fast chargers. 
2.2 ELECTRIC DISTRIBUTION SYSTEM 
In the literature, an EV charging station is modeled the as a load, although, two 
different load models can be used: constant current or constant power [9]. Both are viable 
options, however the last is more conservative, and therefore, provides a certain security 
margin for studies. To simulate these loads, power flow is the tool widely used [10]-[13]. 
The impacts of charging stations are the same caused by the load: lower voltage profile at 
customers and congestion of lines and transformers [14]-[17]. To evaluate these impacts is 
important to use metrics following local standards; in the Brazilian case, mostly of these 
metrics are available in a document called PRODIST [18], which is published by ANEEL. 
To find locations to install FCS, a wide range of studies focus on the impacts on the 
electric distribution systems. Locations can be found minimizing power losses [11] and/or 
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voltage deviations [19], or more comprehensive analysis considering the overall cost 
associated with technical losses, voltage violations, electric system reinforcements, 
demand response programs, capital expenditure of FCSs, maintenance (CAPEX and 
OPEX, respectively) and substation expansion [13], [20], [21]. However, the stochastic 
behavior of EVs is not considered in any of these studies, which is important to give a 
holistic overview of the problem and instead designing the infrastructure for the worst-case 
scenario, increasing considerably the societal costs. Also, the traffic flow aspects are not 
incorporated, which also affects the societal costs. 
2.3 TRANSPORTATION SYSTEM 
Transportation system modelling can be divided into several areas as the electric 
system, but the two more important for allocation of charging stations are dynamics and 
planning [22]. Both traffic flow transportation dynamics and planning are considered traffic 
flow modeling areas, however, there are important differences between them [22]: 
 Temporal aspect: The timescale in traffic flow dynamics is from minutes to 
hours, while transportation planning covers periods from hours to days (or even 
years). 
 Behavioral aspect: Traffic flow dynamics analyzes human (or automated) 
operational driving behavior (accelerating, braking, lane-changing, turning) 
while higher level actions, e.g., activity choice (number and type of trips), 




 Objective aspect: Traffic flow dynamics assumes a given traffic demand and 
fixed infrastructure. Transportation planning model the interaction of the 
traffic demand and effects of infrastructure changes (if necessary). 
FCS allocation problem is a composition of both areas when considering the 
transportation system. It needs a timescale of minutes due to the short charging times 
(dynamics), but travels can be modeled with high level actions (destination choice) and 
assessed over years. In fact, the travel demand model (belonging to the behavioral aspects) 
is one of the most important parts because the plans assigned to the vehicles will directly 
influence the locations of charging stations. Therefore, it must consider the diversity in the 
driving patterns to holistically assess the problem. Another important point that is the basis 
of any traffic flow model is the route choice, generally performed using Dijkstra’s 
algorithm [23], in which the shortest path between two points is selected (a common sense 
when people define their travel plans). At last, from the objective aspect, a time-varying 
demand and fixed infrastructure are assessed (transportation upgrades are not considered 
in this thesis). 
In the literature, traffic flow studies involving the allocation of FCSs, mainly focus on 
ensuring that the transportation systems (i.e., roads) are adequate to cope with the flows of 
EVs in the FCS as [24] and [25]. In [26], a hierarchical approach is developed to determine 
locations and sizes of FCSs. Cost, specifically the capital expenditure of FCSs, is included 
as the objective in [25] and as a constraint in [27] and [28]. From a wider perspective, how 
the population is affected by the FCS installation (loss of productivity) can be quantified 
[29]. While these studies can be useful to quantify the usage of the transportation system 
and the loss of productivity from different FCS allocation options, they also do not consider 
the diversity in the driving patterns of EV users. Moreover, the impacts on the distribution 
systems are neglected. 
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2.4 INTEGRATED ELECTRIC AND TRANSPORTATION SYSTEMS 
More recently, a few studies have started investigating the interactions between 
distribution systems and traffic flows when assessing the allocation of FCSs. 
Methodologies to minimize the technical power losses on distribution systems considering 
total daily traffic flows to identify potential FCS locations are one example [30]. Whilst 
this study incorporates traffic flows, it does not consider time aspects (i.e., traffic flow 
changing throughout the day). Studies with time-varying traffic flows are a more complete 
option to consider the FCS allocations, as presented in [31]. However, while installation 
costs (e.g., cables, transformers, and land) are considered, there is neither a cost 
quantification of system reinforcements nor loss of productivity.  
Time-series traffic flows considering multi-objective methodologies to minimize 
voltage deviations and technical energy losses, and maximize the traffic flow are more 
realistic [32], [33]. Although these works highlight the importance of considering the time-
varying nature of traffic flows, low time resolution modeling (e.g., hourly) could lead to 
overestimations given that, similar to petrol stations, fast charging is likely to be used for 
periods of less than half hour. Furthermore, electric systems are significantly simplified as 
they are modeled as single-phase balanced systems with only medium or high-voltage lines. 
This unavoidably leads to inaccurate estimations of voltage problems due to the inherent 
topological and load unbalance found in distribution systems. This becomes even more 
critical when considering low-voltage (LV) systems to which residential customers (and 
their EVs) are connected to. 
Maximization of FCS profitability is another way to verify the effects that a given set 
of FCSs have on traffic flows [34]. This might include the electric reinforcements necessary 
to cope the power demanded by FCSs [35]. However, due to the complexity of the 
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formulation, these two might suffer from scalability issues, requiring significant 
simplifications of models and/or topological data to be used for both traffic and power flow 
analyses across large regions. The loss of detail can, in turn, result in over or under 
estimations. Indeed, these studies consider the electric systems to be balanced, modelling 
them as single-phase, neglecting the unbalanced characteristic of distribution systems. 
High-resolution time to the minimization of the costs involved in the allocation of 
charging stations brings a more realistic perspective of the problem, as shown in [36] for 
slow public chargers. The methodology, shown to be scalable using a large case study, can 
also be applied to FCSs and LV systems. However, this study does not consider the effects 
that the location, number, and size of FCSs might have on traffic flow. Fewer FCSs will 
result in more traffic jams and longer distances for EV users. More FCSs will improve 
traffic flow but increase capital cost. Therefore, while existing traffic flows can be used to 
identify potential FCS locations, once identified, those FCS options need to be assessed in 
terms of the traffic flows they will create, making it possible to quantify the impact on loss 
of productivity. Furthermore, this study was deterministic. 
In summary, holistic allocation of FCSs (or any public charging station) is a complex 
task that involves a wide range of aspects. To integrate as many aspects as possible, studies 
in the literature have simplified the formulation, or simply neglecting some aspects. One 
of the aspects that is rarely considered is the stochastic behavior of drivers, which can alter 
the results significantly. Next chapter will introduce the developed methodology to realistic 
allocate FCS, including an integrated traffic and power flow analysis with stochastic 
modeling of driving patterns.  
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3  HOLISTIC STOCHASTIC METHODOLOGY TO ALLOCATE FAST 
CHARGING STATIONS 
This chapter presents how the problem of FCS allocation considering the overall cost 
of the charging infrastructure is modeled. The effects on traffic flows as well as on the 
electric distribution system are accounted. The analyses to quantify these effects are 
explained in detail. Finally, the stochastic solution process is described. 
3.1 OVERVIEW 
The first step in the proposed methodology is to identify potential locations within the 
region of interest based on a traffic flow analysis, i.e., a ranking is created considering the 
most utilized roads. Then, for a given EV penetration (percentage of EVs with respect to 
all vehicles) and a fixed number of FCSs (increased progressively and starting from one), 
it analyses the effects on the traffic flow as well as on the electric system. In each case, the 
total cost, i.e., capital cost (equipment and land) plus indirect cost (loss of productivity, 
which quantifies the travel time, and reinforcements in the electric systems), is calculated 
considering the lifetime of the FCSs. This process is repeated for each of the multiple 
simulations (Monte Carlo simulations [7]) created using vehicle travel patterns (plans) 
derived from probabilistic functions related to the geographical points (start/end), and 
duration of the visits. Finally, a comparison is carried out to identify the FCS option with 
the lowest cost. Details are provided in the following sections. 
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3.2 DEFINITION OF OVERALL, CAPITAL, AND INDIRECT COSTS 
The proposed approach will progressively investigate a pre-defined number of FCS 
cases, starting from a case with only 1 FCS up to 𝑁 FCSs, i.e., a total of 𝑁 cases. Within 
each case, a total of 𝑀  Monte Carlo simulations will be assessed to cater for the 
uncertainties due to traffic flows (which in turn will produce different impacts on travel 
times and distribution system reinforcements). The objective is to find among the FCS 
cases the one with the lowest overall cost (𝐿𝑂𝐶), as shown in (1). The overall cost in each 
case is calculated by extracting the mean overall cost considering all the corresponding 
Monte Carlo simulations. This is shown in (2). 
𝐿𝑂𝐶 = 𝑚𝑖𝑛{𝑂𝐶 }  (1) 
𝑂𝐶 =
∑ (𝐶𝐶 + 𝐼𝐶 )
𝑀
 (2) 
For each Monte Carlo simulation 𝑚 within case 𝑛, the capital and indirect costs are 
calculated as follows (indices 𝑚 and 𝑛 are removed for simplicity). 
3.2.1 Capital Cost 
In (3), the capital cost of a single Monte Carlo simulation is divided into three 
components: charging points, transformers and land. Eq. (4) accounts for the number of 
charging points installed and maintenance cost (in percentage of the unitary charging point 
cost). Eq. (5) accounts for the cost of transformers used to connect the FCS to the electric 
system. Eq. (6) accounts for the land and corresponding taxes. Eq. (7) accounts for the 
expected FCS lifetime and the discount rate. 
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𝐶𝐶 = 𝐶𝑃𝐶 + 𝑇𝐶 + 𝐿𝐶 (3) 




𝐿𝐶 = 𝑎𝑟𝑒𝑎 (1 + 𝑡𝑎𝑥 ∙ 𝐷𝐹) (6) 
 𝐷𝐹 =
(1 + 𝐷𝑅) − 1
(1 + 𝐷𝑅) − 1
 (7) 
3.2.2 Indirect Cost 
The indirect cost of a single Monte Carlo simulation, described in (8), is the sum of 
the loss of productivity (travel time) and reinforcements (electric system). Loss of 
productivity, (9), accounts for the difference in travel times of each vehicle with and 
without EVs being present, all transformed into present value. Reinforcement cost, (10), 
accounts for the cables and transformers replaced. 
𝐼𝐶 = 𝑇𝑇𝐶 + 𝑅𝐶 (8) 
𝑇𝑇𝐶 = 𝑈𝑇𝑇 ∙ 𝑌 ∙ 𝐷𝐹 ∙ (𝑇 − 𝑇 )







3.3 TRAFFIC FLOW ANALYSIS 
The first step of any traffic flow analysis is to define the scale of the study. To cater 
for the precise geographic positions of FCSs and drivers’ behavior, a detailed approach 
must be chosen. Thus, the microscopic scale is selected in this case as it can model vehicles 
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individually [22]. The next step is to define the traffic demand model, responsible for 
generating the plans of the population 𝑊. Next, route assignment is used to calculate the 
shortest route for each vehicle. Finally, a traffic flow simulation (analogous to a time-series 
power flow) is applied to determine the travel times. 
3.3.1 Travel Demand Model 
In this subsection is shown how to model travels considering the stochastic driving 
patterns. All vehicles follow the same model, however EVs differ from conventional 
vehicles by having an additional point to be visited (FCS) if a charging event is necessary. 
3.3.1.1 Conventional Vehicles 
To each vehicle is allocated a plan of actions comprised of geographical start/end 
points (e.g., a house), points to be visited (e.g., work), and the corresponding duration of 
the visits throughout the period of interest (e.g., 8 hours). This plan is described by (11). 
Each point in the plan has a time property, with the first point modeled as end time, while 
the remain points are durations. 
𝛾 = 𝛽 , ∀ 𝑤 ∈ 𝑊 (11) 
In practice, due to the unavailability of individual travel patterns, census data can be 
used to realistically define the plans for each of the vehicles. For a given city in which 
activity areas (residential, commercial, etc.) can be defined, it is possible to produce 
individual plans by sampling vehicles from/to certain areas (using population density from 
census data) and combining it with the likelihood of departure times and duration of 
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activities (using regional/national work hours). This allows the creation of probability 
functions that can then be used to produce vehicle travel patterns for a given simulation. 
3.3.1.2 Electric Vehicles and FCSs 
To quantify the effects that the number and location of FCSs have on the transportation 
system, the need for charging must be modeled. To do this, if the State-of-Charge (𝑆𝑜𝐶) of 
an EV falls below a threshold, defined by 𝑆𝑜𝐶  and shown in (12), it will charge at the 
closest FCS as soon as possible (𝑆𝑜𝐶  indicates the need for charging similar to the low 
gasoline level on conventional vehicles). The charging duration is defined by (13). 
𝑆𝑜𝐶 (𝑡) =
𝑀𝑅 − 𝑑𝑖𝑠𝑡 (𝑡)
𝑀𝑅
≤ 𝑆𝑜𝐶 , ∀ 0 ≤ 𝑡 ≤ 24 (12) 
𝑑𝑢𝑟 =
𝑑𝑖𝑠𝑡 (𝑡 = 𝑡 )
𝐸𝐹 ∙ 𝑃
 (13) 
The 𝑆𝑜𝐶  is defined for any vehicle in every time instant within the 24 hours of the 
day. Charging duration is a function depending on the distance driven since last charging 
at the time the vehicle arrives in the FCS with the efficiency of the electric motor and 
charging point power. 
From a simulation perspective, since the estimation of the 𝑆𝑜𝐶  requires quantifying 
𝑑𝑖𝑠𝑡 , a two-stage approach is needed to update the corresponding plans of the EVs. First, 
these parameters are calculated without FCSs to estimate when and where the EV would 
reach the 𝑆𝑜𝐶 . Then, this, combined with the actual locations of the FCSs being assessed 
and the required charging time (to achieve full charge), is used to update the corresponding 
plan of activities. 
The deployment of EVs, up to the predefined EV penetration, can be completely 
random (with all customers having equal chances of acquire one), or follow another 
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distribution, e.g., the per capita income (higher the income, higher the chance of acquire an 
EV). The usage of this feature will be shown in Section 6.4. 
3.3.2 Route Assignment 
Before the traffic flow simulation, the routes of each vehicle must be defined, i.e., the 
shortest path between the points in their plans (Dijkstra’s algorithm [23]). After each traffic 
flow simulation, vehicles facing traffic jams have their routes recalculated (with detours). 
3.3.3 Traffic Flow Simulation 
This work uses the simulation model with dynamic velocity [22] described by (14), 
(15). The travel time of each vehicle depends on the length of the section of road belonging 
to its route and the actual velocity. This velocity is time-variant depending on the actual 





, ∀ 𝑤 𝜖 𝑊 (14) 
𝑣 (𝑡) = 𝑣 ∙ 𝑒𝑥𝑝 −𝜎(𝑡) , ∀ 0 ≤ 𝑡 ≤ 24 (15) 
All vehicles perform their routes concurrently. This process is repeated for a pre-
defined number of iterations to reduce the travel times individually (user-equilibrium [22]). 
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3.4 ELECTRIC ANALYSIS 
The electric analysis determines the reinforcements required to cope with the demand 
added by the FCSs. First, it is carried out an impact assessment using a time-series three-
phase power flow to capture the time component of EVs charging events as well as the 
unbalanced nature of customers in distribution systems. Since FCSs are likely to be 
connected to the MV system using a transformer, which affects customers of all voltage 
levels, both MV and LV systems need to be modeled simultaneously for a more realistic 
assessment. The impacts investigated are the voltage magnitude at the connection point of 
customers and utilization level of assets (MV and LV lines, and MV/LV transformers). 
Then, if any violation is detected, i.e., voltages outside statutory limits and/or congested 
assets, the following steps are taken: 
1. Replace congested assets by others with higher rated value (it also improves 
voltage profiles); 
2. Carry out another impact assessment and inspect the reinforced system. If any 
voltage violation persists, go to step 3; otherwise, finish the process; 
3. Replace the line (or section) featuring the highest voltage drop by other with lower 
impedance and return to step 2. 
The above algorithm is based on [37] and [38], and can be applied to any radial electric 
distribution system. 
3.5 ALGORITHM 
Figure 3.1 shows the Monte Carlo-based stochastic solution process developed to cost-
effectively allocate FCSs in a given region with defined transportation and electric systems. 
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Before the process starts, the deterministic variables, such as the EV penetration and 
maximum number of FCSs to be investigated, and the stochastic variables, such as the 
census data of plans, are defined. 
 
Figure 3.1. Solution process for FCS allocation in distribution systems. 
Next, plans for every vehicle are defined and a traffic flow analysis is performed 
without EVs to assess travel times and determine potential places to install 𝑛 FCSs. These 
locations are determined based on the sections of the roads with the highest daily flow of 
vehicles. Then, considering the specified EV penetration, regular vehicles are randomly 
replaced by EVs (same plan with a visit to the FCS, if necessary). The FCS is then installed 
on the busiest road. If more than one FCS will be installed, locations are progressively 
selected from the busiest to the less busy ones. 
Another traffic flow analysis is carried out considering EVs and FCSs. This is used to 
determine the maximum number of simultaneous EVs charging at the same FCS which, in 
turns, allows determining the number of charging points required and the corresponding 
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transformer size. The cost associated with these assets as well as with the corresponding 
land (vehicle area, area for manoeuvres, entry, and exit) can then be calculated. Loss of 
productivity (indirect cost) is calculated based on travel time differences between the cases 
with and without EVs for the entire fleet. Reinforcement cost, also an indirect cost, is 
obtained from the electric analysis. 
The societal (overall) cost is the sum of five components: cost due to loss of 
productivity, cost of charging points, cost of land, cost of transformers to connect FCSs 
and cost of reinforcements. For a given number of FCSs installed, 𝑛 , each of these 
components are calculated and summed. This process is repeated for all corresponding 
Monte Carlo simulations. After the Monte Carlo convergence, the number of FCSs is 
incremented and the process restarts. Since each FCS case has multiple Monte Carlo 
simulations, the mean value of the total cost is used to represent the performance of each 
case. To clarify, the methodology does not analyse the cost of individual components 
separately as one component affects the others. After assessing all the cases, the least 
overall total cost will indicate the most suitable number of FCSs to be deployed, including 




4  CASE STUDY 
Six central cities from the Campinas Metropolitan Region (CMR) are studied in this 
work. Combined they account for more than 2 million inhabitants spread over 540 km2. 
The geographical information of the transportation system was extracted from 
OpenStreetMap [39]. It is comprised of approximately 31,000 nodes (geographical points) 
and 80,000 sections of roads (straight lines connecting two nodes) with lengths ranging 
from a few meters up to 3.6 km (average of approximately 100 m). Statistics from the most 
recent census [40], [41] are used to estimate activity areas (residential and commercial) as 
well as the number of residential vehicles. For the latter, approximately 900,000 vehicles 
are within the region. Office/work hours are based on the Brazilian legislation [42]. This 
information is used to create the plans of vehicles. The population is created with 8,000 
vehicles, i.e., an 0.89% sample of the fleet, which ensures over 99% of confidence level 
and reduces the computational effort [43]. 
The electric system of this region is shown in Figure 4.1. MV lines supplied by the 
same primary substation (black dots, 69 kV/11.9 kV and 138 kV/11.9 kV) are colored 
equally. The region has 26 substations supplying approximately 585,000 customers (of 
which 91% are residential) and with an annual consumption of 3.5 TWh. The 69 kV and 
138 kV systems are modeled by a Thévenin equivalent using short-circuit levels at the 
substation; data provided by the local utility. Medium-voltage (11.9 kV) and low-voltage 
(220 V or 380 V line to line) systems are explicitly modeled (three-phase four-wire). 
Customer demand is modeled using 15-min load profiles also provided by the local utility. 




Figure 4.1. MV lines and primary substations explicitly modeled. 
For the FCSs, each charging point costs 100,000 BRL (25k USD in average times 4 
BRL/USD) plus 2% per year of maintenance [44]; the unitary costs of transformers and 
cables are provided by the local utility (Table III to Table V). In terms of land, the region’s 
2018 market values for every neighborhood are considered [45]. This is shown in Figure 
4.2 where areas colored in red cost 3,000 BRL/m2 while areas in blue cost 150 BRL/m2. 
For each charging point is defined a parking spot of 11.04 m² (average size of vehicles [8]). 
Also, FCSs are assumed to need extra 50% of area for maneuvers, entry and exit of 
vehicles. Land taxes are 2% per year over the total land cost. To bring all costs to present 
value, discount rate of 5% per year and lifetime of 10 years are considered. 
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Table III. Unitary cost of transformers per rated power. 


















Table IV. Unitary cost of MV cables (class 15 kV) according to their rated current. 
Size Type of Conductor Rated Current (A) Cost (BRL/km) 
6 AWG Aluminium 103 9,568 
4 AWG Aluminium 115 9,869 
2 AWG Aluminium 152 10,669 
2 AWG Aluminium Steel Reinf. 175 11,736 
1/0 AWG Aluminium 200 11,849 
2/0 AWG Aluminium 235 12,779 
4/0 AWG Aluminium 375 15,179 
120 mm2 Copper 425 15,253 
336.4 MCM Aluminium 495 22,239 
336.4 MCM Aluminium Steel Reinf. 500 24,463 
447 MCM Aluminium 540 25,039 
447 MCM Aluminium Steel Reinf. 615 27,543 
240 mm2 Copper 670 30,506 
300 mm2 Aluminium 797 31,777 
500 mm2 Copper 1,045 71,689 




Table V. Unitary cost of LV cables (class 1 kV) according to their rated current. 
Size (mm2) Type of Conductor Rated Current (A) Cost (BRL/km) 
10 Aluminium 44 4,790 
16 Aluminium 59 5,040 
25 Aluminium 80 5,565 
16 Copper 87 6,048 
35 Aluminium 100 6,190 
50 Aluminium 122 6,860 
35 Copper 136 7,428 
70 Aluminium 157 8,022 
90 Aluminium 190 9,190 
70 Copper 210 9,627 
120 Aluminium 229 10,147 
120 Copper 296 12,177 
240 Copper 520 24,353 
 
 
Figure 4.2. Map of land costs per m² (more expensive towards red). 
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To assess how sensitive the overall cost of FCSs is to indirect costs, the loss of 
productivity is estimated considering three different travel time costs (indexes): 10, 25 and 
40 BRL/hour/vehicle. Although these values are based on a recent Australian study that 
quantified how much people would pay for shorter travel times [46], they are used to assess 
how sensitive the overall cost of FCSs is to indirect costs. 
Finally, the EV penetration assumed in this study is 50%. This is considered large 
enough to create impacts on the electricity and transportation systems and, hence, can be 
used demonstrate the benefits of the proposed methodology. Other EV characteristics used 
in this work are shown in Table VI. Up to 20 FCSs are studied, separated by 1 km to avoid 
clusters of FCSs. The raking of potential places is performed with traffic flow of each road 
(strategic points are used in study in Chapter 6 to show a different ranking method). A set 
of 100 Monte Carlo simulations are considered for each FCS case (considered sufficient 
by other Monte Carlo studies [37], [38]). FCSs are assumed to be immediately available to 
EVs that arrive for charging, i.e., EVs do not wait to charge. 
Table VI. Characteristics of EVs in this case study (Extracted from [8]). 
Variable Value 
Maximum range 125 km 
Efficiency 5 km/kWh 
Charging point power demand 50 kW 




5  RESULTS 
In this chapter, first, a convergence result is shown to indicate that the 100 Monte Carlo 
simulations performed within the methodology are sufficient to ensure the quality of results 
with reasonable computational effort. Next, detailed results are shown to introduce to the 
reader aspects that can influence the outcomes of the methodology described in Chapter 3. 
These studies investigate the relationship between the number of vehicles and the 
number/location of FCSs. Next, results of the case study presented in the Chapter 4 are 
shown by type of analysis: traffic flow, electric and overall. One cost-effective solution is 
shown for each travel time cost presented before. At last, a breakdown of costs details how 
each component cost affects the final solution.  
5.1 CONVERGENCE 
The first analysis of any Monte Carlo-based method is the convergence evaluation, 
i.e., a test to show that the defined number of Monte Carlo simulations are sufficient to 
ensure that the final result will not be modified by running more simulations. As an 
example, in Figure 5.1 is shown the average overall cost considering 1 FCS installed for 
the three different travel time costs (10, 25, and 40 BRL/h). As one can notice, with 50 
simulations, although all three lines present small fluctuations, such variations are small. 
As more simulations are done, each result tends to a certain value (converged value). 
Moreover, higher the travel time cost, higher the fluctuation (the case with 40 BRL/h 
fluctuates more compared to the case with 10 BRL/h). 
These convergence results can be seen from a different perspective, for example, by 
calculating the variation in the average overall cost when a new simulation is added, as 
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shown in Figure 5.2. As can be seen, with more simulations the results fluctuate less. 
Indeed, after 50 Monte Carlo simulations the variation is less than 1% (green box 
highlighted in Figure 5.2). Tests with different number of FCSs were performed and all 
showed similar trends. Therefore, based on several convergence studies, it was found that 
100 Monte Carlo simulations are a cost-effective tradeoff between computational effort 
and quality of results. 
 
Figure 5.1. Convergence result showing the average of the overall cost for three travel time costs (10, 25, and 40 
BRL/h) and considering 1 FCS. 
 
Figure 5.2. Convergence result showing the variation in the average overall cost for three travel time costs (10, 25, 
and 40 BRL/h) and considering 1 FCS. The highlighted area indicates when this variation is lower than 1%. 
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5.2 UNDERSTANDING THE RELATIONSHIP BETWEEN NUMBER OF 
VEHICLES AND NUMBER/LOCATIONS OF FCS 
This section is designed to explain the relationship between the number of vehicles 
modeled in the transportation simulation with the locations of the FCSs and, then, how the 
number of FCSs affects the routes of vehicles, and, consequently, the travel times. 
5.2.1 Number of Vehicles and Location of Fast Charging Stations 
In Section 3.5 is explained the steps of the proposed methodology. A key point of that 
is how the location of FCSs are selected: through a ranking made in the base case, i.e., 
without EVs and FCSs. The idea of this ranking is to minimize the impacts on the travel 
times because it is assumed that if highly used roads have FCSs, minimum detours will 
occur, i.e., more vehicles can be supplied without a changing in their routes. 
In this ranking is used the flow of vehicles (vehicles per time window), therefore, this 
flow depends on the number of vehicles (agents) modeled in the traffic flow simulation. As 
commented in Chapter 4, the number of vehicles used in the complete case study is 8,000, 
which represents a 0.89% sample of the total number of vehicles in the region. From that, 
two questions arise: (i) how a different number of vehicles will impact the results (mostly 
the location of FCSs)?; and (ii) how a proper number of vehicles is defined? 
The idea in this subsection is to change the number of vehicles modeled and verify the 
distribution of the FCSs locations (in all testes, the capacity of roads is changed 
accordingly, i.e., with a lower number of vehicles the capacity of the roads were reduced 
to keep the ratio similar between cases). Eight cases are tested with the numbers of vehicles 
described in the Table VII. 
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Table VII. Number of vehicles and the respective population sample for each case tested. 
 Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 
Number of 
vehicles 
250 500 1,000 2,000 4,000 8,000 16,000 32,000 
Sample 0.03% 0.06% 0.11% 0.22% 0.44% 0.89% 1.78% 3.56% 
 
In Figure 5.3 and Figure 5.4 are depicted the results of the ranking with 20 FCSs 
locations selected for each of the eight cases. The red circle indicates the exact location 
selected. From Figure 5.3 (a) to (c) one can notice that FCS locations vary, mostly the ones 
located in the north/northwest areas. From Figure 5.3 (d) to Figure 5.4 (b) occur minor 
changes; and from Figure 5.4 (b) to (d) all locations are nearly identical. 
(a) Case 1 (b) Case 2 
(c) Case 3 (d) Case 4 
Figure 5.3. Locations of 20 FCSs for one Monte Carlo simulation – Cases 1 to 4. 
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(a) Case 5 (b) Case 6 
(c) Case 7 (d) Case 8 
Figure 5.4. Locations of 20 FCSs for one Monte Carlo simulation – Cases 5 to 8. 
Another way to investigate the locations of FCSs is using Figure 5.5, in which is 
depicted the average distance between all FCSs (in pairs). This average distance (AD) is 
calculated according to (16) using the UTM geographical system [47]. 
𝐴𝐷 =
∑ ∑ (𝑒𝑎𝑠𝑡 − 𝑒𝑎𝑠𝑡 ) + (𝑛𝑜𝑟𝑡ℎ − 𝑛𝑜𝑟𝑡ℎ ),
𝑁!







Figure 5.5. Evolution of the average distance between FCSs with the number of vehicles modeled in the 
simulation. 
As one can notice, between 250 and 4,000 vehicles the average distance between FCSs 
varies 1.5 km, which is around 14% of the distance with 4,000 vehicles. In simulations with 
8,000 vehicles or more, this distance is approximately the same, which indicates that the 
locations are, at most, suffering marginal changes. This shows that 8,000 vehicles (0.89% 
sample) are the cost-effective value, balancing precision of the result and computational 
effort (more vehicles demand more memory and longer processing times from the 
computer). This is the reason why 8,000 vehicles have been chosen in Chapter 4, however, 
results with 4,000 vehicles are expected to give similar to the case with 8,000 vehicles. 
5.2.2 Population Distribution and Locations of Fast Charging Stations 
As seen in the last subsection, the number of vehicles impacts the locations of the FCSs 
because the sample size may alter the ranking. According to the methodology described in 
Chapter 3, is necessary to sample vehicles of the population distribution for each Monte 
Carlo simulation, however, each run might result in different locations for vehicles, i.e., 
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their residences, which culminates in different locations of FCSs. Figure 5.6 illustrates this 
behavior for two different samplings with two different number of vehicles. Visually the 
locations are quite distinct between Figure 5.6 (a), (b) and (c). They differ in the sampling 
(residences), from (a) to (b), and in the number of vehicles, from 250 in (a) and (b) to 8,000 
in (c). However, locations are practically the same between Figure 5.6 (c) and (d), just one 
location changes (in the central/southwest area). 
This result show that is important to consider a new sample (from the same probability 
distribution function) for each Monte Carlo simulation, however, if the number of vehicles 
is large enough, the simulation can be simplified. The advantage of this simplification is to 
skip the simulation without EVs for different samples of the same population distribution, 
therefore, only one run without EVs is enough (several simulations with EVs remain 
because the selection of which vehicle becomes electric affects the traffic flow as shown 
in the following subsection). 
To achieve a sufficient number of vehicles, a powerful computer is necessary with lots 
of RAM memory. If such hardware is not available, it is necessary to simulate one case 
without EVs for each case with EVs, as described in Chapter 3. 
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(a) 250 vehicles – MC 0 (b) 250 vehicles – MC 1 
(c) 8,000 vehicles – MC 0 (d) 8,000 vehicles – MC 1 
Figure 5.6. 20 FCS locations for different number of vehicles modeled in the simulation and different MC 
scenarios. 
5.2.3 Number of Fast Charging Stations and Impacts in the Traffic Flow (Travel 
Times) 
The number of FCSs investigated leads to different traffic flow patterns, because the 
EVs that need to charge have to change their commonly used routes to go to the FCS. The 
important concept to understand is how this change in the routes impacts the traffic flow 
and, consequently, the travel times (how the cost is affected is shown in Sections 5.3 and 
5.5). In this example, three cases of the same MC scenario are run: (i) without FCSs; (ii) 
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with one FCS; and (iii) with two FCSs. In each run is obtained the routes of all vehicles, 
electric or combustion engine, that are referred as “route 0” for the simulation without 
FCSs, “route 1” for the simulation with one FCS and “route 2” for the simulation with two 
FCSs.  
In Subsection 3.3.2 is mentioned that the Dijkstra’s algorithm was used to create the 
routes between points to be visited. This algorithm is based on the shortest distance, which 
is reasonable to assume without any knowledge of the traffic flow (only roads). This 
information is important to understand how the routes are created. The idea here is to 
analyze how the routes of vehicles (EVs and ICEs – internal combustion engine) and the 
travel times change from each case. 
In the result shown by Figure 5.7 (a), the routes performed by the vehicle number 45 
(EV) are highlighted for the three cases described above, “route 0” in blue, “route 1” in 
orange; and “route 2” in green. This vehicle stops to charge along routes 1 and 2. In all 
three travels the routes connect the workplace (red square) to the home (black square), 
stopping by the FCS (green square) when necessary. From all three routes, route 0 is the 
shortest in distance because without FCSs the vehicle number 45 is the same as an ICE 
vehicle, which does not charge at the FCS. When one FCS is available, the vehicle number 
45 detours to the central area to charge. Thus, after work the EV must go to the other 
direction (left instead of right compared to route 0), making the route 1 the longest in 
distance. When 2 FCSs are available, both are in the central area but the second is closer to 
vehicle number 45, then the travel of the EV is facilitated, reducing the distance. 
Other examples are shown in Figure 5.7 (b) and (c), which show a coincidence in all 
routes, because: (i) the first FCS deployed is along the route 0 (without FCS); and (ii) when 
the second FCS is deployed, it does not bring any benefit to these EVs. Last example is 
shown in Figure 5.7 (d), which shows the routes of an ICE vehicle during the three 
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simulations. Interesting of this vehicle is that a detour is performed to overcome some 
traffic jam that is occurring nearby the workplace. 
(a) Vehicle #45 (b) Vehicle #142 
(c) Vehicle #7973 (d) Vehicle #7985 
Figure 5.7. Routes of vehicles under three conditions: without FCSs; with 1 FCS; and with 2 FCSs. Legend: 
route 0 in blue; route 1 in orange; and route 2 in green. 
All this discussion about routes and distances is important, however, which is 
calculated in the simulation and transformed into cost is the travel time. Table VIII shows 
the travel times of the four vehicles discussed above. 
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Table VIII. Travel times of vehicles under three conditions: without FCSs – route 0; with 1 FCS – route 1; and 




Travel Time (min) 
Time arriving at the FCS 
(hours:minutes:seconds) 
Route 0 Route 1 Route 2 Route 1 Route 2 
45 EV 68.117 67.007 61.783 21:15:21 21:09:10 
142 EV 30.750 102.317 57.750 16:55:53 16:35:06 
7973 EV 19.467 19.933 19.467 18:59:11 18:58:43 
7985 ICE 22.433 19.517 20.267 - - 
 
Starting with the vehicle number 45, the travel times reduce as the FCSs are deployed, 
even when using the longest route (number 1). The reason is that by going to the FCS the 
vehicle avoids traffic jams that were happening along route 0. Also, it stops for a few 
minutes to charge and starts travelling again, which is the same as wait for less traffic jams. 
In the specific case of this vehicle, it basically changes the time it would spend in traffic 
jams by going to the FCS because the times are very similar. 
On the other hand, there is vehicle number 142, which has no detour, but suffers with 
the traffic jam caused by the FCS. The longer travel time is mostly because it waits in the 
road (traffic jam). This becomes clearer when the second FCS is deployed and the travel 
time of vehicle 142 is half of the time spent with only one FCS. Interesting that vehicle 45 
does not suffer from that because the different hour of the day that it is going to charge 
(142 travels during the peak time of traffic jam). 
Vehicle 7973 has routes similar to vehicle 142 (although in another direction) but 
suffers less with the traffic jam. This is because of the time that the EV 7973 is going to 
charge: off-peak time (similar to vehicle 45). Therefore, its travel times have minimum 
variation. 
At last, the travel times of an ICE vehicle is shown, number 7985. The interesting 
aspect about it is that the travel time without FCSs is the longest, because the velocity in a 
road depends on the number of vehicles and if some of them (depending on the EV 
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penetration) is going to charge, roads will be less congested and ICE vehicles can travel 
faster. 
In summary, as the FCSs are deployed, the travel times of all vehicles are changed. 
The first impression is that with few stations, the routes tend to be longer in distance and 
their times will be affected by the changes in routes of EVs (in the traffic flow model the 
velocity of the vehicles depends on the occupancy of the roads). All this highlights that is 
important to run several MC simulations with different numbers of FCSs and different 
vehicles becoming EVs because the ones that will become electric are unknown a priori 
and the travel times of vehicles (EVs and ICEs) are affected. 
5.3 TRAFFIC FLOW ANALYSIS 
The open-source tool Multi-Agent Transport Simulation (MATSim [48]) is used to 
perform the traffic flow studies applying the model described in Section 3.3 with 10 
iterations per analysis. To reduce the computational effort when using MATSim on a 
desktop PC (16 GB of RAM, 3.5 GHz, 6 cores), an 8,000-vehicle sample (0.89%) was 
chosen to represent the population. To ensure traffic jams are captured, the capacity of 
roads was reduced proportionally (to 0.89%). 
For illustration purposes, Figure 5.8 shows, for one Monte Carlo simulation, the 
transportation system indicating roads, as bold lines, that present more than 1% of the fleet 
of vehicles passing through per day (equivalent to 9,000 vehicles for the region, i.e., highly 
utilized). The top 20 busiest sections of roads are considered to be potential FCS locations 
(red dots in Figure 5.8, labelled from A to T). Most of these FCS locations are outside the 
city center, on the northern and western areas due to the population distribution. The traffic 
flow profiles of FCS locations A, I, and O are plotted on Figure 5.9. Each profile is unique, 
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consequence of vehicles flowing towards city center in the morning and the other way 
around after work. Peaks indicate possible traffic jams. 
 




Figure 5.9. Traffic flow profiles of three roads candidates to receive an FCS. 
With the FCS locations identified, the traffic flow analysis is performed for each of 
the FCS cases: from 1 to 20 FCSs. The resulting travel times can now be translated into 
cost. Figure 5.10 shows the corresponding cost (loss of productivity) over the lifetime of 
the FCSs (average of all Monte Carlo simulations for each FCS case). As one can notice, 
when only a few FCSs are available, the cost is much higher. The base case (without EVs) 
is the one used to initially select the locations to install FCSs, so that no information about 
routes of EVs are considered. Thus, initially, FCS locations are selected using the most 
used routes of regular vehicles (based on traffic flows, mimicking common practices for 
petrol stations as these businesses select the ‘busiest spots’). Then, in each Monte Carlo 
simulation, a different set of ICE vehicles are replaced by EVs until the level of penetration 
under investigation is reached (mostly because it is uncertain which drivers will buy EVs). 
Consequently, although the selected FCS locations might be suitable for some EVs, it will 
not necessarily be aligned with the routes of all EVs. This, in turn, leads to larger travel 
times within the region. Moreover, the location of the fourth FCS is on an avenue, not a 


























Section of road - FCS A
Section of road - FCS I
Section of road - FCS O
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this FCS causing traffic jams (seen by the higher cost of travel time – loss of productivity). 
This highlights the importance of evaluating the selected locations. 
 
Figure 5.10. Average cost of travel time (loss of productivity) for each FCS case. 
With more FCSs, the travel times reduce and, therefore, the corresponding cost. 
Interestingly, with 9 or more FCSs, it was found that the loss of productivity could even be 
improved (negative cost). In other words, the entire population of vehicles is spending less 
time travelling when FCSs are adequately located as they re-arrange the traffic in a way 
that traffic jams are reduced. The metropolitan region under analysis has already some 
traffic congestion (as many urban regions in the world). In this context, if the FCSs are 
deployed in areas to reduce the detour of EVs, the impact on traffic flow and, consequently, 
the cost, will depend on the capacity of the selected location (as explained earlier) and the 
time those EVs are travelling to charge. If they are traveling during rush hours and need to 
charge (and, hence, stop), the roads will be clear for other vehicles to travel faster (velocity 
and number of vehicles are exponentially related). This is the situation in the adopted case 
study. On the other hand, if the EVs are travelling outside rush hours, travel cost will, at 
best, be the same as shown in the base case; same happens if traffic jams are unlikely in 
the region. Nonetheless, from the traffic flow perspective, the benefit from having many 
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FCSs (more than 9 in this case study) can be considered marginal, particularly for low 
travel time costs. 
Figure 5.11 illustrates the total cost of charging points as a boxplot for each FCS 
case. The median of this cost increases with the number of FCSs, i.e., the more FCSs, the 
more charging points. This is because each FCS needs to meet its peak time requirements, 
i.e., the maximum number of EVs that simultaneously charge at any given time (estimated 
with the traffic analysis). Whilst an extra FCS will re-arrange the traffic, it will not 
necessarily reduce the peak time requirements of other FCSs as it might serve EVs at 
different times. This, in turn, can result in more charging infrastructure, i.e., more charging 
points, transformers and bigger areas (sum of all) as shown latter. 
 
Figure 5.11. Boxplot of total cost of charging points for each FCS case. 
Using the number of charging points of each FCS and the region’s 2018 market values 
(Figure 4.2), the cost of land is calculated. The results are shown in Figure 5.12 as boxplots 
considering taxes over the lifetime of the FCSs. Although the total land area increases with 
each FCS case due to the larger number of charging points, the corresponding cost varies 
significantly because of the location and space requirements of individual FCSs. Among 
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the cases with just a few FCSs, high fluctuations are more likely to occur because the 
locations of the busiest roads can have very different land costs. This can be observed with 
FCSs A and B compared to C and D (see Figure 4.2 and Figure 5.8). However, as more 
FCSs are installed, the overall cost fluctuates less as the remaining options tend to have 
similar land cost (e.g., FCSs K to Q). 
Using the number of charging points of each FCS and the charging point rated power, 
the transformer size is calculated. Figure 5.13 illustrates the total transformer cost as a 
boxplot for each FCS case. With up to three FCSs, the cost varies significantly due to the 
unavailability of a transformer size that matches the FCSs demand, i.e., they are oversized. 
This occurs because the available transformers follow realistic rated powers (commercial 
values) which can have large differences between sizes. As more FCSs are installed, less 
charging points are in each location and, therefore, the available transformers sizes are a 
better match. In summary, discarding the oversized FCS cases, having more transformers 
results, as expected, in higher cost. 
 




Figure 5.13. Boxplot of total cost of FCS transformers for each FCS case. 
5.4 ELECTRIC ANALYSIS 
The electric analysis consists of a time-series power flow performed using OpenDSS 
[49] and considering the Brazilian statutory limits [18]. Following industry practice, it is 
assumed that line and transformer currents must be within the limits at least 95% of the day 
(around 23 hours) [50], [51]. 
Figure 5.14 illustrates FCS profiles for cases with 1, 3, 5 e 7 FCSs installed. As the 
number of FCSs increases, the individual profiles (A, B, etc.) reduce the peak demand. In 
Figure 5.14 (a), the peak demand reaches 5.6 MW around 18 hours. In (b), the demand is 
not equally divided between FCSs. The introduction of the fifth FCS (case (c)) reduces 
more the demand of FCS B and C; although, in case (d) FCSs have a more equal demand. 
This demand, added to the demand of customers of each substation, might cause voltage 
and/or congestion issues. Specifically, for 4 or less FCS installed, the demand is above the 
maximum allowed per MV customer, set in 2.5 MW by the local utility [52] (this affects 
the cost-effective solution as shown in Section 5.5). Furthermore, the shapes of all profiles 
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are similar to the traffic flows seen in Figure 5.9, which are expected since FCS are installed 
on roads; however, power demands occur only in the afternoon because the 𝑆𝑜𝐶 is higher 
than the 𝑆𝑂𝐶  in the morning. 
 
(a) 1 FCS case 
 
(b) 3 FCS case 
 
(c) 5 FCS case 
 
(d) 7 FCS case 
Figure 5.14. FCS demand profiles for cases with 1, 3, 5 and 7 FCS installed. 
Figure 5.15 illustrates how the loading level of four MV lines (fed by four different 
primary substations) evolves as more FCSs are installed. The relative locations of these 
MV lines correspond to the sites of FCSs A, B, I, and Q shown in Figure 5.8. For each FCS 
case, the average of the daily maximum loading level across all Monte Carlo simulations 
is considered. The spikes seen in each of the MV lines correspond to the case when the 
corresponding FCS (A, B, I or Q) is first used by the methodology. For instance, for the 
case with 1 FCS, location A is selected, resulting in a line loading of 230%. However, as 
more FCSs are installed, this asset congestion issue decreases. In other words, reinforcing 
this line is necessary only if 1 or 2 FCSs are installed in the region. In summary, as more 




Figure 5.15. Line loading comparative of four MV lines of systems where FCSs A, B, I, and Q are installed. 
The violations are detected and fixed (reinforcements) by the electric analysis, which 
then calculates the corresponding cost. Figure 5.16 illustrates this cost as a boxplot for each 
FCS case. As highlighted in the previous section, less FCSs create clusters of charging 
points, resulting in a very large peak demand, more lines overloaded and, consequently, 
higher costs. On the other hand, with more FCSs installed, smaller peak demands occur 
because the charging points are spread across different MV systems. This, in turn, reduces 
the number of overloaded lines and, consequently, the reinforcement cost. In summary, the 
cost of reinforcements reduces as the number of FCSs increases. 
Figure 5.17 illustrates the average cost of reinforcement per type, congestion or 
voltage, for each FCS case. As seen, congestion costs dominate on the first two cases, 
following the discussed about Figure 5.15 (i.e., power demand is concentrated in few 
locations, making congestion more likely on those sites). Also, replacing lines due to 
congestion helps improve the voltage profile, i.e., voltage issues exist on those cases 
however are mitigated with the replacement of congested lines. As more FCSs are installed, 
congestions are less likely and, consequently, the costs are reduced. The remaining cost is 
due to voltage issues; however, it also decreases. In summary, less FCSs leads to higher 
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costs of reinforcements. As more FCSs are installed, reinforcements reduce, and the 
remaining issues are related to low voltage. 
 
Figure 5.16. Boxplot of total reinforcement cost for each FCS case. 
 
Figure 5.17. Average cost of reinforcements per type, congestion or voltage, for each FCS case. 
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5.5 HOLISTIC ANALYSIS 
Based on the indirect costs (loss of productivity and reinforcements), more FCSs 
reduce the impacts. On the other hand, less FCSs reduce the charging points cost 
(transformer varies according to the available sizes; land varies with the location). 
Consequently, to find the most cost-effective solution to this problem all costs must be 
simultaneously considered for each FCS case. 
Figure 5.18. illustrates the overall cost and their breakdown per FCS case considering 
10, 25 and 40 BRL/hour as travel time costs (first, second and third parallel bars, 
respectively). With travel time costs of 10 and 25 BRL/hour, the most cost-effective 
solution corresponds to 2 FCSs. With 40 BRL/hour, it is better to have 9 FCSs. Considering 
the 2.5 MW limit per MV customer imposed by the local utility (each FCS is considered 
one customer), the solutions of 10 and 25 BRL/h change to 8 FCS (40 BRL/hour is not 
changed); however, this limit might be higher/lower depending on the utility. Therefore, 
following results will always show values with and without this limitation.  
 
Figure 5.18. Costs separated by component (bars) and overall cost (lines) for each FCS case considering 10, 25 
and 40 BRL/h as travel time costs. 
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The corresponding 9 FCS locations are shown in Figure 5.19 (geographically averaged 
from all Monte Carlo simulations). FCS locations A and B correspond to travel time costs 
of 10 and 25 BRL/hour not considering the MV customer limitation (2.5 MW per demand 
point), while FCS A to H correspond to the same travel times with limitation. For 
40 BRL/h, FCSs A to I are selected. Crosschecking Figure 5.19 and Figure 4.2, it can be 
seen that most of the chosen FCSs are outside the city center (only FCSs C, D and I are 
inside). This is because land is cheaper, and roads are busier in northern and western areas 
(more populated). 
 
Figure 5.19. Geographic distribution of the FCSs for the cost-effective solution considering the highest travel 
time cost (40 BRL/h). 
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Every location in Figure 5.19 has a specific number of charging points, transformer 
size, and land area accordingly. This breakdown is presented in Table IX. The number of 
charging points is rounded to the closest integer after averaging all Monte Carlo 
simulations. For the solutions considering travel time costs of 10 and 25 BRL/hour 
(unlimited), 119 charging points, large transformers (2.5 and 5 MVA) and 1,970 m2 of total 
area (two stations with 985 m2 on average) are necessary. With MV customer limitation, 
145 charging points, 8 transformers (averaging 1 MVA) and 2,402 m2 of total area (8 
stations with 307 m2 on average) are required. Considering 40 BRL/hour, 148 charging 
points, smaller transformers (most between 750 kVA and 1 MVA) and land areas 
averaging 272 m² are required. 









10 and 25 
(unlimited) 
A 45 2,500 745 
B 74 5,000 1,225 
10 and 25 
(limited) 
A 12 750 199 
B 10 500 166 
C 34 2,000 563 
D 22 1,225 364 
E 21 1,225 348 
F 13 750 215 
G 19 1,000 315 




A 11 750 182 
B 9 500 149 
C 30 1,500 497 
D 14 750 232 
E 20 1,000 331 
F 12 750 199 
G 19 1,000 315 
H 14 750 232 
I 19 1,000 315 
 
Table X shows the overall cost broken down into the different capital and indirect 
costs. The solution considering unlimited 10 BRL/hour is comprised of 86.70% capital cost 
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and 13.30% of indirect cost; with limitation, 99.96% is capital cost, and 0.04% is indirect 
cost. For unlimited 25 BRL/h, these values change to 72.46% and 27.54%, respectively; 
with limitation, 99.93% is capital cost, and 0.07% is indirect cost. With the highest travel 
time cost, 40 BRL/hour, loss of productivity is negative, i.e., the entire population of 
vehicles is spending less time travelling when FCSs are adequately located. This is because 
they re-arrange the traffic in a way that traffic jams are reduced. This, in turn, compensates 
part of other costs. Interestingly, for all travel time costs, FCS transformer and 
reinforcements play minor roles, being responsible for up to 2.13% of the overall cost. This 
is a consequence of the values assumed to each component cost: a single charging point 
costs 100,000 BRL while the transformer to connect it to the electric system is up to 5,000 
BRL – which is 5% of the charging point. Also, as the FCSs are connected to the MV 
systems through a dedicated transformer, reinforcements are less likely, and the unitary 
costs used for reinforcement are small compared to the charging point (see Table III to 
Table V). 
On the other hand, charging points corresponds to at least 60%, while loss of 
productivity and land are at least 10% each. Loss of productivity and land, however, had 
opposite trends. With a few FCSs, the more the prominent the loss of productivity is with 
respect to land and the overall cost. With more FCSs, its importance reduces, making land 
a more prominent cost. In fact, for the case with 10 and 25 BRL/hour, the FCSs A and B 
are placed outside the city center, where land is cheaper; while the nine FCSs for case 
40 BRL/hour are much closer to the center, where land is more expensive (Figure 4.2). 
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Land (%) Transf. (%) Loss of prod. (%) Reinf. (%) 
10 (unlimited) 72.69 12.05 1.96 13.13 0.17 
10 (limited) 62.38 36.24 1.34 0.02 0.02 
25 (unlimited) 60.75 10.07 1.64 27.40 0.14 
25 (limited) 62.36 36.23 1.34 0.05 0.02 
40 66.44 44.41 1.44 -12.31 0.02 
 
 
One of the benefits of having the breakdown of cost is that it is possible to explore the 
effects that the absence of certain capital or indirect costs have in the FCS allocation. For 
instance, if the cost related to the charging points or the FCS transformer is not considered, 
the most cost-effective solutions do not change. The same result is obtained if the 
reinforcement costs are removed. Not considering the land cost, however, can have an 
impact. It results in 3 FCSs as solution for travel time costs of 10 BRL/h (unlimited) and 9 
FCSs for travel time costs of 10 (limited) and 25 BRL/h (unlimited and limited); but the 
solution for 40 BRL/h remains the same. Neglecting the loss of productivity (i.e., the 
effects on traffic flows) has also a significant impact. It results in only 1 FCS as the most 
cost-effective solution for all travel time costs without limitation and 5 FCSs for the limited 
cases. 
Although the proposed methodology provides a more holistic result for the allocation 
of FCSs, the EV penetration was held constant throughout the period of analysis in the case 
study. This, however, may not be valid throughout the horizon of interest. Nonetheless, the 
proposed methodology can be adapted to cater for growth patterns of the EV penetration, 





6 ECONOMIC FEATURES AND STRATEGIC POINTS 
Holistic analyses, such as the one developed in this thesis, consider multiple aspects; 
however, many others have been covered in the past chapters and, therefore, several 
complementary studies can be made to expand the bounds of this work. This chapter 
summarizes the study of four additional aspects: third-part investor perspective; evaluation 
indexes; traffic flow ranking with strategic points; and per capita income layer. The former 
introduces a different perspective to consider the loss of productivity. Results of evaluation 
indexes related to this perspective are shown in Section 6.2. A different ranking technique 
to select FCS locations, using the traffic flow of strategic points plus the traffic flow of the 
current road is shown in Section 6.3. At last, EVs are deployed according to the per capita 
income layer, i.e., giving preference to the wealthier population (which is reasonable since 
EVs are expensive nowadays). 
6.1 THIRD-PART INVESTOR 
The objective of this work is to find cost-effective FCS locations and sizes (number of 
charging points) that minimizes the societal cost, i.e., capital and indirect costs. The loss of 
productivity, component of the indirect cost, is the one that accounts for the FCS impacts 
on the transportation systems. In the societal perspective, the travel times of the entire 
vehicle population (EVs and ICE vehicles) is evaluated; however, from the perspective of 
a third-part investor, who intends to maximize his profit, only EVs are interesting because 




Figure 6.1 shows the loss of productivity over the lifetime of the FCSs (average of all 
Monte Carlo simulations) for each FCS case considering the third-part investor perspective. 
Compared to Figure 5.10, both have a similar trend, reducing the cost as more FCSs are 
installed. However, as the third-part investor considers only EVs, it is less likely that loss 
of productivity becomes negative because there are always some EVs detouring to charge. 
 
Figure 6.1. Average cost of travel time (loss of productivity) for each FCS case considering only travel times of 
EVs (third-part investor). 
Figure 6.2 illustrates the overall cost and their breakdown per FCS case considering 
10, 25 and 40 BRL/hour as travel time costs (first, second and third parallel bars, 
respectively). Only the loss of productivity has changed compared to Figure 5.18. This, in 
turn, makes 2 FCSs the cost-effective solution for all travel times without considering the 
demand limitation imposed by the utility (2.5 MW per customer). Considering this limit, 8 
FCSs are the solution for 10 and 25 BRL/h, while 9 FCSs is the solution for 40 BRL/h. The 
infrastructure breakdown corresponding to these solutions are shown in Table XI. Despite 
the solution for 40 BRL/h without limitation, others are similar to the results of Table IX 
(original case study); in other words, for metropolitan regions with high travel time cost, 
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using the correct perspective in the allocation of FCSs is important and impacts the 
outcome. 
 
Figure 6.2. Costs separated by component (bars) and overall cost (lines) for each FCS case considering 10, 25 
and 40 BRL/h as travel time costs and only travel times of EVs (third-part investor). 










10, 25 and 40 
(unlimited) 
A 45 2,500 745 
B 74 5,000 1,225 
10 and 25 
(limited) 
A 12 750 199 
B 10 500 166 
C 34 2,000 563 
D 22 1,225 364 
E 21 1,225 348 
F 13 750 215 
G 19 1,000 315 
H 14 750 232 
40 
(limited) 
A 11 750 182 
B 9 500 149 
C 30 1,500 497 
D 14 750 232 
E 20 1,000 331 
F 12 750 199 
G 19 1,000 315 
H 14 750 232 




6.2 EVALUATION INDICES 
The decision to start a business mainly depends on its profitability. In this section, 
three indexes that estimate the suitability of business are shown [53]: Total revenue; 
Payback Period with Net Present Value (PPNPV); and Return of Investment (ROI). The 
revenue is the value received from energy sold (income) minus the energy costs (capital 
and indirect costs are not considered here). The Payback measures the time necessary to 
the investor receives its investment back, i.e., when the cash flow of the business becomes 
positive (usually applicable to business in which the assets have lifetime of years or 
decades). In (17) the original Payback period is defined as a function of the investment, 
𝐼𝑛𝑣, and the revenue, 𝑅𝑒𝑣, for each time instant 𝑡. The original Payback does not consider 
the loss of value of the money over the years, which can cause divergences in long-term 
evaluations. To introduce this characteristic, the NPV is considered, which is described by 
(18). As one can notice, (17) and (18) differ only by the discount rate 𝐷𝑅. To simplify (18), 
as the revenue 𝑅𝑒𝑣 is assumed the same for every year, the summation can be replaced by 
the result of a geometric progression, shown in (19), resulting in (20). 













, 𝐷𝑅 ≠ 0 (19) 
𝑃𝑃𝑁𝑃𝑉 =
log
𝐼𝑛𝑣 ∙ (𝑞 − 1) + 𝑅𝑒𝑣
𝑅𝑒𝑣
log 𝑞
= 𝑡  (20) 
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The ROI estimates how much profit the business will return based on a fixed time-
window. In (21), ROI is defined as a function of investment, revenue and discount factor, 
𝐷𝐹 (previously defined in (7)). 
𝑅𝑂𝐼 =
𝑅𝑒𝑣 ∙ 𝐷𝐹 − 𝐼𝑛𝑣
𝐼𝑛𝑣
 (21) 
For the results shown below, 100% of profit margin is considered, i.e., price of 
energy bought corresponds to 50% of the selling price. The FCSs are considered MV 
customers of the class Azul, which pays for energy and power separated; however, is 
assumed that the EV pays for the energy only (owner of the FCS includes energy and power 
values into a single tariff for EVs, equally dividing the costs of power). It is assumed that 
the EVs charge regardless the price. Finally, the time-window for revenue and ROI is 10 
years (same as the lifetime of equipment defined in Chapter 4). 
Figure 6.3 illustrates the total revenue as a boxplot for each FCS case. As more 
FCSs as installed, more charging points are deployed (in total), and, consequently, higher 
total peak power demand. The peak demand is part of the energy selling price; therefore, 





Figure 6.3. Total revenue (income from energy sold minus energy/power costs) for each FCS case. 
Figure 6.4 to Figure 6.6 illustrate the PPNPV as a boxplot for each FCS case 
considering the different travel time costs. For 10 BRL/h, it is possible to pay the 
investment in up to 10 years for all FCS cases, except by the case with 4 FCSs which 
presents 25% probability of having a longer payback period. For 25 BRL/h, with 4 FCSs 
is impossible to retrieve the investment (may exceed 10 years) and 1 FCS has around 50% 
probability of provide the investment back; other options are mostly below 10 years. For 
40 BRL/h, options are much closer to the limit of 10 years, except by 1 and 4 FCSs. One 
can notice that for 1 FCS and 40 BRL/h, the payback is negative (costs higher than 
revenue). In summary, higher the travel time costs, longer the payback, because the revenue 




Figure 6.4. Payback for each FCS case considering 10 BRL/h as travel time cost. 
 




Figure 6.6. Payback for each FCS case considering 40 BRL/h as travel time cost. 
Return of investment is another index used to analyze businesses, which in this case, 
is for a fixed time window. Figure 6.7 to Figure 6.9 illustrate the ROI as a boxplot for each 
FCS case considering the different travel time costs. For 10 BRL/h, the first two cases 
present scenarios with ROI above 100%, however, as more FCSs are installed the ROI 
reduces (still positive, except by the case with 4 FCSs). For 25 BRL/h, the 2 FCSs case has 
the highest profit, while the 4 FCSs case is negative in all scenarios; other cases oscillates 
around 10% on average. For 40 BRL/h, no case has guaranteed profitability; 1 and 4 FCSs 
cases are negative in all scenarios. One can notice that, as less FCSs are installed more the 
travel time cost affects the ROI. This is because loss of productivity is higher as less FCSs 
are installed, which is a recurring cost (occurs every period). Analogous to the PPNPV, 




Figure 6.7. Return of investment (ROI) for each FCS case considering 10 BRL/h as travel time cost and 10 years 
as horizon. 
 





Figure 6.9. Return of investment (ROI) for each FCS case considering 40 BRL/h as travel time cost and 10 years 
as horizon. 
The PPNPV and ROI for the cost-effective solutions considering the third-part investor 
perspective (infrastructure shown in Table XI) are presented in Table XII. As shown by 
(17)-(21), both indexes are similar, consequently, their results follow similar patterns. As 
the payback gets close to 10 years, the ROI is reduced to almost 0%. The methodology 
developed in Chapter 3 is intended to minimize the overall cost, which is similar to 
minimize the PPNPV and to maximize the ROI. In summary, PPNPV and ROI can be used 
to evaluate the allocation of FCS (total revenue alone is not recommended). 
Table XII. Payback (PPNPV) and return of investment (ROI) for all cost-effective solutions. 
Travel time cost PPNPV (years) ROI (% after 10 years) 
10 unlimited 4.53 93.39 
10 limited 7.39 28.19 
25 unlimited 5.99 53.56 
25 limited 8.69 12.85 
40 unlimited 9.00 11.72 
40 limited 9.78 2.68 
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6.3 STRATEGIC POINTS 
The definition of strategic point in this work is any location that has a benefit to offer 
to the FCS, such as high-intense traffic flow that can bring visibility to the FCS. Therefore, 
the strategic point is considered to affect the ranking of potential FCS locations. 
The original ranking technique used in this work captures the daily traffic flow (total 
number of vehicles passing through a road during the day) as the first step of a Monte Carlo 
simulation, i.e. traffic flow analysis without EVs. Based on this flow, the raking is made 
selecting the busiest roads first (roads that are too close are not considered to avoid 
clustering FCSs). When strategic points are considered, the flow of the road serving this 
point is added to the flow of all roads nearby (within a pre-defined range, 500 meters in 
this thesis). This, in turn, can make roads of lower positions step up in the ranking (close 
to one or more strategic points) and others step down (far from strategic points). The results 
shown in this section consider the third-part investor perspective. 
The strategic point considered in this section is the parking lot. The idea to consider 
them is the presence of available land that already is used by vehicles to park, therefore, 
facilitate the installation of FCS in a way that the owners of parking lots can offer to charge 
the EVs. Figure 6.10 illustrates all parking lots currently available in the case study region 
(locations extracted from OpenStreetmap [39]). 
Figure 6.11 illustrates the 20 busiest FCS locations selected by the ranking technique 
with strategic points for one Monte Carlo simulation. If this results is compared to the one 
presented in Figure 5.8, one can notice that FCSs A and B are now located in the city center, 
instead of the highways; FCS C and H of the current solution corresponds to the FCS N 
and A of Figure 5.8, respectively. In general, the busiest locations have small changes, 
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however the sequence of selection suffered significant modifications, which alters the 
traffic flow patterns in each case. 
 
Figure 6.10. Parking lot locations across the case study region. 
Figure 6.12 illustrates the overall cost and its breakdown per FCS case considering 10, 
25 and 40 BRL/hour as travel time costs (first, second and third parallel bars, respectively). 
The first difference to notice against Figure 6.2, is that the loss of productivity is much 
higher than before, direct consequence of having more FCSs located in the city center and 
using the third-part investor perspective. High-intense traffic flow roads of the center have 
lots of traffic jams because they do not have large capacities as highways. This forces the 
cost-effective solutions to have more FCSs. Solutions are 5 FCSs for 10 BRL/h without 
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limitation; 15 FCSs for 10 BRL/h (with limitation) and 25 BRL/h (either with and without 
limitation); and 20 FCSs for 40 BRL/h (either with or without limitation). 
 
Figure 6.11. The 20 busiest FCS locations selected considering parking lots as strategic points for one Monte 
Carlo simulation without EVs. 
The land cost is also affected by the different FCS locations, which is now as large as 
the charging point cost, consequence of costlier areas selected. However, if the area of 
parking lots is used, this cost can be dismissed.  
In summary, the usage of strategic points is valid and can bring benefits as 
approximates the FCS to the desired areas (in this case close to parking lots). However, this 
feature must be used carefully as it may affect the overall cost, in particular, the loss of 




Figure 6.12. Costs separated by component (bars) and overall cost (lines) for each FCS case considering 10, 25 
and 40 BRL/h as travel time costs and only travel times of EVs (third-part investor and parking lots as strategic 
points). 
6.4 PER CAPITA INCOME 
Another change that can be made in the original methodology is to add a layer to 
account for the per capita income distribution, over the population distribution. The 
purpose of that change is to give the preference of having an EV to the wealthier population, 
more likely to buy an EV due the high costs involve in the process. Both distributions are 
then combined (multiplying their inputs to produce a new distribution), giving higher 
chances of EV deployment specific areas. This is similar to have a new population 
distribution. This per capita layer is modeled based on the IBGE database [40], illustrated 
in the Figure 6.13, from where is also extracted the population distribution. As can be seen, 




Figure 6.13. Per capita income for the inner CMR region. Higher values are found in darker colors. 
Simulating the holistic methodology with this new layer and considering the third-part 
investor perspective, the 20 FCS locations resulting are depicted in Figure 6.14. The 
location of these FCSs are modified to be in the city center, consequence of the wealthier 
population located in the city and considering that workplaces are also in the city center. 




Figure 6.14. The 20 busiest FCS locations selected considering per capita income layer. 
In terms of costs, the overall cost is shown in Figure 6.15. As can be noted, five FCSs 
located in positions A to E of Figure 6.14 (in the core of the city) leads to the lower overall 
cost for all travel time costs considered (10, 25, and 40 BRL/h). These costs are higher than 
the ones seen in Section 6.1 due to the concentration of FCSs in central areas, however, 
these costs are lower than the ones in Section 6.3 because the EVs are nearby the FCSs, 
i.e., detours are smaller. Consequently, when a layer of per capita income is considered, it 




Figure 6.15. Costs separated by component (bars) and overall cost (lines) for each FCS case considering 10, 25 




7 GRID EDGE TECHNOLOGIES 
As the technology evolves, its deployment becomes wider and can be applied to 
different areas. This is the case of charging stations with Photovoltaic (PV) systems and 
Battery Energy Storage System (BESS). In this Chapter, these two technologies are 
analyzed from technical and economic perspectives, indicating what are the 
benefits/impacts of consider an FCS with PVs and/or BESSs; and whether they are 
profitable for the FCS owner. 
7.1 ROOFTOP PHOTOVOLTAIC SYSTEM 
As can be noticed on the previous chapter, the capital cost of FCS is around millions 
BRL regardless the indirect cost. Thus, this section describes how rooftop PV systems can 
reduce it, regardless the perspective. 
As FCSs resemble petrol stations, some rooftop can be installed over the station to 
protect both equipment and EV from the weather; therefore, PV panels can be installed on 
the rooftop. This system then acts as an independent generator belonging to the FCS owner 
and all profit obtained from energy sold is deducted from the overall FCS cost. In fact, this 
approach is more likely to be used to reduce the FCS operational costs, which can be 
addressed in future steps of this project. Next subsections describe how to estimate the PV 
system size and energy production, followed by some results considering the cost-effective 
solution of the Chapter 5 (societal perspective). 
7.1.1 PV Size and Energy Generation 
Rooftop PV system already has adepts, like the EV manufacturer Tesla, which released 





Figure 7.1. FCS using PV panels - schematic of a station deployed in Kettleman City, CA 93239, USA. 
First, to model the PV system the technical specifications of panels are needed; the 
type considered in this project is made of silicon (mono or poly crystal), with dimensions 
approximately of 1.0 m per 1.6 m and can generate 250 Wp [54]. The size of the parking 
space can be obtained from vehicles dimensions (calculating the necessary space to park) 
or directly from parking lot companies. Reference [55] describes the average park space as 
2.4 m per 4.8 m (an extra of 0.1 m was considered to better arrange them). Thus, 6 panels 
can be installed in the rooftop of one car spot exemplified by Figure 7.2. As can be seen, 
arrangement and number of panels are very similar to those on Figure 7.1. 
 
Figure 7.2. Schematic of parking space (red line) and PV panels (green boxes). 
Based on the arrangement of the panels, each car spot can generate up to 1.5 kW, while 








considering the cost-effective solution from Section 5.5, the PV systems of each FCS and 
their peak powers are shown in Table XIII. Next subsection shows the financial results of 
the PV systems. 






PV system peak 
power (kWp) 
10 and 25 
(unlimited) 
A 45 67.5 
B 74 111.0 
10 and 25 
(limited) 
A 12 18.0 
B 10 15.0 
C 34 51.0 
D 22 33.0 
E 21 31.5 
F 13 19.5 
G 19 28.5 




A 11 16.5 
B 9 13.5 
C 30 45.0 
D 14 21.0 
E 20 30.0 
F 12 18.0 
G 19 28.5 
H 14 21.0 
I 19 28.5 
 
7.1.2 PV System Cost and Profit 
Figure 7.3 illustrates the total PV systems costs, comprised of panels and inverters, for 
each MC scenario of the case study shown in Chapter 4. In this cost is considered the price 
of each panel and respective inverter from manufactures websites nowadays. As expected, 
this cost and the one related to charging points have identical trends (see Figure 5.11), as 
more FCS outlets are deployed, more area available to install PV panels. The total PV 
system cost ranges from 350 to 650 thousand BRL, which is around 1-2% of the overall 




Figure 7.3. Cost of PV systems (panels and inverter) installed on the FCS rooftop. 
On the other side, it is important to identify how much energy and profit can be 
generated over the FCS lifetime. The energy generations is obtained using the annual 
irradiance profile depicted on Figure 7.4, retrieved from CEPAGRI/Campinas [56], 
multiplied by the total PV system power. 
 
Figure 7.4. Irradiance over one year extracted from CEPAGRI [56]. 
Figure 7.5 illustrates the profit obtained in every MC scenario for a 10-year lifetime of 
the equipment, already deducting the PV system cost. Energy is considered sold by the 
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as more FCSs are installed, however, it is worth to remind that the capital cost also has 
similar trend. The profit shown in Figure 7.5 reduces the investment in approximately 
0.6%, which is a small contribution. Thinking in terms of power per area, PV panels 
produces 1.5 kW per car spot, which represents only 3% of the charging point, thus, a 
contribution greater this value was not expected. 
 
Figure 7.5. PV profit after 10 years for every MC scenario. 
In summary, a contribution from PV systems was expected, which indeed occurs but 
with benefits lower than 1%. One possible way to improve this result is by using batteries, 
i.e., selling energy generated by PVs during peak times under time-of-use tariffs or 
reducing the peak demand of FCS. 
7.2 BATTERY ENERGY STORAGE SYSTEMS 
Another trend in power system impact studies well-aligned with rooftop PV systems 
is the use of Battery Energy Storage Systems (BESS). This topic has emerged after 
assessment studies of PV generation in which has be realized that high penetrations can 
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technically impact the systems (e.g., overvoltage). The BESS can provide the flexibility 
necessary to accommodate such generation, postponing reinforcements by, e.g., reducing 
the peak power that customers demand from the system (PV generation and residential 
customer’s consumption may not be time synchronized). In a similar perspective, the EV 
charging station situation can make better use of PV generation installed in the rooftop 
(discussed in Section 7.1). In the following subsections the benefits of BESSs are evaluated 
from the technical and economic perspectives. 
7.2.1 Technical Perspective 
The first point to analyze is how BESS can provide benefits to the FCS owner and to 
the system. Taking one FCS with 25 outlets from the result shown in Subsection 5.5 
(scenario 14 of FCS C of case with 40 BRL/h unlimited), which has a 37.5 kWp PV system. 
In this FCS is installed a 50 kW/150 kWh BESS; the power/energy values are chosen to 
match a single outlet power and make the battery last at least 3 hours, respectively 
(power/energy ratio was derived from [57]). The control logic of the battery is set to absorb 
the energy generated by the PV system and export this energy during the peak time of the 
FCS. The comparison of power demand is shown in Figure 7.6 considering a clear day for 
PV generation. From this example is extracted the following results: 
 PV generation is around 224 kWh during this day; 
 BESS starts empty and stores the PV generation until reaches its maximum; 
 BESS discharges completely during FCS peak power demand between 15:30 




(a) Power profiles of FCS, BESS, and PV systems. 
(b) Power demanded by the FCS from the electric system with PV and BESS compared to the case without 
these assets. 
Figure 7.6. Power profiles of FCS, BESS, and PV systems: (a) individual profiles; and (b) aggregated 
comparison. 
 
Considering that the peak power consumption in the electric system occurs in the 
period between 18 and 21 hours, there are: 
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 74 kWh energy savings provided by the PV and 125 kWh energy savings 
provided by the BESS during off-peak time; 
 50 kW power savings provided by the BESS (from 1,150 kW to 1,100 kW) 
during off-peak time; 
 25 kWh energy savings provided by the BESS during peak time; 
 50 kW power savings provided by the BESS (from 850 kW to 800 kW) during 
peak time. 
From the technical perspective the addition of the BESS brings benefits, both to FCS’s 
owner and electric system, although it is necessary to evaluate the economic aspect. 
7.2.2 Economic Perspective 
Moving to the economics of the previous subsection, the savings are from: power and 
energy. Using the values of a contract of customer type Azul A4 with the tariffs shown in 
Table XIV, the savings for the scenario 14 of FCS C of case with 40 BRL/h unlimited 
shown before are: 
 Off-Peak: 64.05 BRL (energy) and 489.50 BRL (power); 
 Peak: 12.00 BRL (energy) and 1,215.50 BRL (power). 
Table XIV. Energy/Power prices of Azul A4 customer (extracted from [58]) 
Segment Peak Off-Peak 
Power (BRL/kW) 24.31 9.79 
Energy (BRL/MWh) 480.16 321.84 
 
Important to notice that the energy saving is a daily event, while the power saving is a 
monthly event. Therefore, if this simulated day is extent to one year (assuming all days the 
same and using 261 weekdays and 104 weekend days – year 2019), the savings are: 
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 Off-Peak: 24,214.63 BRL (energy) and 5,874.00 BRL (power); 
 Peak: 3,132.00 BRL (energy) and 14,586.00 BRL (power); 
 Total: 47,806.63 BRL per year. 
On the other hand, one may argue that not all days will have the same PV generation 
as a sunny and clear day of summer, which will reduce the benefit. By considering this 
average situation, two assumptions are made: 
 Energy saved: 150 kWh are generated and stored in the BESS during the day. 
This value matches the results shown in the [59] indicating that the region of 
Campinas has a 4 kWh/kWp averaged yearly solar generation; 
 Power demand: 50 kW peak reduction in both time-window tariffs. 
Using the same energy/power prices applied in the first example, the results for the 
average situation are: 
 Off-Peak: 15,520.73 (energy) and 5,874.00 BRL (power); 
 Peak: 3,132.00 BRL (energy) and 14,586.00 BRL (power); 
 Power savings, peak and off-peak, remain the same; 
 Peak energy savings remain the same; 
 The total operation savings are 39,112.73 BRL per year. 
To understand if this value is worthy, the BESS price plays a key role. To estimate its 
value the average value from market researches and extrapolations done in [57] are used, 
summarized in Figure 7.7. 
Taking into account the average value in 2020 defined by the trendline, rounded to 450 
euros/kWh it is possible to define the cost of the BESS to be installed: 67,500 euros or 
390,150.00 BRL using April 4th of 2020 conversion value (commercial value). Using the 
discount rate of 5% (same of previous analysis) it is possible to calculate the PPNPV, 




Figure 7.7. Energy price of utility-scale and distributed storage systems from 2010 to 2030 according to different 
market research agencies (extracted from [57]). 
The payback periods of investing in BESSs are 10.08 and 13.21 years for the sunny 
and average cases, respectively. Both values are higher than the lifetime of the battery itself, 
estimated in 10 years [57]. 
In summary, BESSs bring benefits to the FCS owner from the technical perspective, 
helping to reduce its operational costs (OPEX) and avoiding reinforcements in the power 
system. However, from the economic perspective (capital and indirect costs), BESS are not 
providing the necessary return of investment, presenting paybacks too close (or even 
superior) to BESS lifetime. In the following years, as a reduction in the cost is expected, 




8  CONCLUSIONS 
The proposed methodology joins the two most relevant features that influence the 
allocation of fast charging stations (FCSs): transportation and electric systems. The traffic 
flow analysis allows determining the impacts on loss of productivity (travel times) from 
installing a given number of FCSs. This, in turn, determines the corresponding number of 
charging points, land area, and FCS transformer size. The electric analysis, on the other 
hand, allows quantifying the required reinforcements on the electric system (if needed). To 
provide a more realistic assessment, the methodology also considers the stochastic behavior 
of the population of vehicles (resulting in different travel plans) as well as high-resolution 
modelling of transportation and electric systems. 
The proposed methodology was applied to the entire transportation and electric 
distribution systems of six central cities of the Campinas Metropolitan Region in the state 
of Sao Paulo, Brazil. The results demonstrate that considering the overall cost of EV 
charging infrastructure, in particular, taking into account the loss of productivity due to 
increased travel times, can have a significant effect on the location and sizes (number of 
charging points) of FCS. 
The results also show that the capital costs are larger as more FCSs are installed. This 
is because each FCS have to meet the maximum number of EVs that simultaneously charge 
at any given time. Whilst an extra FCS will re-arrange the traffic, it will not necessarily 
reduce the peak time requirements of other FCSs as this might happen at different times. 
This leads to a larger number of charging points, land areas, transformers sizes and, 
consequently, more costs. 
It was also found that indirect costs (loss of productivity and electric system 
reinforcements) reduce as more adequately located FCSs are installed. This is because more 
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FCSs re-arranged the traffic in a way that traffic jams are reduced, hence, shorter travel 
times for the entire population of vehicles. On the other hand, the less FCSs are available, 
the more EVs are forced to travel outside their normal route, resulting in more traffic jams. 
From an electric perspective, with more FCSs, smaller peak demands occur because the 
charging points are spread across different MV systems. This reduces the number of 
overloaded lines and, consequently, the reinforcement cost. 
Considering only the capital cost in the allocation of FCSs leads to fewer locations and 
charging points, which can have a significant impact on traffic. Conversely, considering 
only the loss of productivity leads to more FCSs as this reduces traffic jams; but increases 
the investment.  
Different perspectives, the usage of strategic points to rank FCS locations and 
economic layers can be considered, with significant impact on the cost, particularly the loss 
of productivity. Grid-edge technologies have their benefits, either by reducing the 
reinforcement necessary but mostly reducing the operational costs related to energy and 
power contracted. The PVs have a higher return of investment, due to the maturity of the 
technology and its lowest acquisition/installation prices; however, the return is marginal, 
less than 1%, compared to the holistic FCS cost. On the hand, BESSs can provide technical 
benefits, however, economically they are still expensive and, therefore, lacking return of 
investment. 
Consequently, the proposed methodology can be used as a service to help planners 
with different perspectives (e.g., governmental agencies, distribution utilities, vehicle 
manufacturers, private investors, etc.) considering the overall costs to plan the most 
adequate EV charging infrastructure in metropolitan regions. 
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8.1 FUTURE WORK 
Following, there are some futures works are that arise from this work: 
1. Holistic allocation of FCSs: (a) to include a variable EV penetration over the 
horizon; (b) investigate minimum distance between the stations; (c) introduce 
less/more powerful stations to coexists in the region; (d) analysis the expansion of 
the charging infrastructure. 
2. Grid-edge technologies with EVs and FCSs: different BESS charging/discharging 
modes may affect the results; and other types of designs for the integrated FCS to 
operate (focused on operation perspective); 
3. Energy market: based on the characteristics of the Brazilian energy market, there 
are margin to explore how to improve the FCS operation organizing power/energy 
contracts. 
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3. T. Barbosa, J. C. G. Andrade, R. Torquato, W. Freitas, F. C. L. Trindade, 
“Use of EV hosting capacity for management of low-voltage distribution 
systems”, IET Generation, Transmission and Distribution, vol. 14, no. 13, 
pp. 2620-2629, Jul. 2020. 
4. R. A. G. Rosolen, H. O. Vilibor, R. V. Galdino, T. R. Ricciardi, B. R. Rosado, 
J. C. G. Andrade, V. C. Cunha, P. C. M. Meira, F. C. T. Arioli, and W. 
Freitas, “Análise de Impactos da Microgeração Fotovoltaica no Controle de 
Tensão, Compensação de Potência Reativa e Perdas Técnicas em Redes de 
Distribuição,” submitted to. Seminário Nacional de Distribuição de Energia 
Elétrica – SENDI, Vitória, Brazil, 2021 
5. R. A. G. Rosolen, H. O. Vilibor, R. V. Galdino, J. C. G. Andrade, F. C. T. 
Arioli, T. R. Ricciardi, and W. Freitas, “Análise do Desempenho de 
Equipamentos Modernos para Controle de Tensão em Sistemas de 
Distribuição com Alta Penetração de Microgeração Fotovoltaica,” submitted 
to Seminário Nacional de Distribuição de Energia Elétrica – SENDI, Vitória, 
Brazil, 2021. 
6. V. C. Cunha, J. Andrade, T. R. Ricciardi, F. C. L. Trindade, W. Freitas, R. 
A. G. Rosolen, and H. O. Vilibor, “Assessment of Capacitor Banks Control 
Practices in Distribution Systems with High PV Penetration,” in Proc. IEEE 
PES General Meeting, Montreal, Canada, Aug. 2020. 
7. R. Torquato, D. Salles, J. C. G. Andrade, P. C. M. Meira e W. Freitas, 
“Método para Análise de Impactos da Mobilidade Elétrica em Redes de 
104 
 
Distribuição e a Respectiva Aplicação em Sistemas Brasileiros”, XXII 




9  REFERENCES 
[1] International Energy Agency – IEA, “Global EV Outlook 2020: Entering the decade 
of electric drive?” Paris, France, June 2020. [Online]. Available: 
https://webstore.iea.org/global-ev-outlook-2020. 
[2] McKinsey & Company, “Electrifying insights: How automakers can drive electrified 




[3] National Association of Vehicle Manufactures (ANFAVEA), “Statistics – Historical 
trends of light duty passenger vehicles”. May 2020. [Online]. Available: 
“http://www.anfavea.com.br/estatisticas.html”. 
[4] Energy Research Office (EPE), “10-year Energy Expansion Planning: 2029”, 2019. 
[Online]. Available: “http://www.epe.gov.br/sites-pt/publicacoes-dados-
abertos/publicacoes/PublicacoesArquivos/publicacao-422/PDE%202029.pdf”. 
[5] Electric Vehicle and Plug in Hybrid Electric Vehicle Conductive Charge Coupler, 
SAE Standard J1772, 2009. 
[6] Plugs, socket-outlets, vehicle connectors and vehicle inlets, IEC Standard 62196, 
2014. 
[7] R. Y. Rubinstein, and D. P. Kroese, Simulation and the Monte Carlo method, John 
Wiley and Sons, Inc., 1981. 
[8] Recargo Inc., “Compare Electric Cars and Plug-in Hybrids by Features, Price, 
Range,”. [Online]. Available: http://www.plugincars.com/cars. 
106 
 
[9] M. Yilmaz, and P. T. Krein, “Review of Battery Charger Topologies, Charging Power 
Levels, and Infrastructure for Plug-In Electric and Hybrid Vehicles,” IEEE Trans. on 
Power Electronics, vol. 28, no. 5, pp. 2151-2169, May 2013. 
[10] B. Pea-da, and S. Dechanupaprittha, “Impact of Fast Charging Station to Voltage 
Profile in Distribution System”, in Proc. International Electrical Engineering 
Congress, 2014. 
[11] M. C. S. Martins, and F. C. L. Trindade, “Time Series Studies for Optimal Allocation 
of Electric Charging Stations in Urban Area,” in Proc. Innovative Smart Grid Tech. 
Conference – Latin America (ISGT-LA), Oct. 2015. 
[12] D. Stein, and L. A. Tuan, “Fast Charging of Electric Buses in Distribution Systems,” 
in Proc. Powertech, 2017. 
[13] N. B. Arias, A. Tabares, J. F. Franco, M. Lavorato, and R. Romero, “Robust Joint 
Expansion Planning of Electrical Distribution Systems and EV Charging Stations,” 
IEEE Trans. on Sustainable Energy, vol. 9, no. 2, pp. 884-894, Apr. 2018. 
[14] A. Arias, J. D. Sánchez, L. H. Martínez, R. A. Hincapic, M. Granada, “An IEEE 
Xplore database literature review regarding the interaction between electric vehicles 
and power grids,” in Proc. Innovative Smart Grid Tech. Conference - Latin America 
(ISGT-LA), Oct. 2015. 
[15] S. Lópes, J. Caicedo, M. Mamaní, A. A. Romero, and G. Rattá, “Literature Review: 
Potential Impacts of Plug-In Electric Vehicles on Electric Power Systems,” in Proc. 
IEEE PES Transmission and Distribution Conference and Exposition – Latin 
America (PES T&D-LA), Sep. 2014. 
[16] A. S. Masoum, S. Deilami, P. S. Moses, amd A. Abu-Siada, “Impacts of Battery 
Charging Rates of Plug-in Electric Vehicle on Smart Grid Distribution Systems,” in 
107 
 
Proc. IEEE PES Innovative Smart Grid Tech. Conference Europe (ISGT Europe), 
Oct. 2010. 
[17] J. Taylor, A. Maitra, M. Alexander, D. Brooks, and M. Duvall, “Evaluation of the 
Impact of Plug-in Electric Vehicle Loading on Distribution System Operations,” in 
Proc. IEEE PES General Meeting (PES GM), Jul. 2009. 
[18] Brazilian Electricity Regulatory Agency – ANEEL, “Distribution Procedure - 
PRODIST Mod. 8”. [Online]. Available: http://www.aneel.gov.br/modulo-8 [in 
Portuguese]. 
[19] V. R. Kasi, K. Thirugnanam, P. Kumar, and S. Majhi, “Node Identification for 
Placing EVs and Pas in a Distribution Network,” in Proc. IEEE General Meeting, 
Jul. 2014. 
[20] Y. Liu, Y. Xiang, Y. Tan, B. Wang, J. Liu, and Z. Yang, “Optimal Allocation Model 
for EV Charging Stations Coordinating Investor and User Benefits,” IEEE Access, 
vol. 6, pp. 36039-36049, Jun. 2018. 
[21] H. Simorgh, H. Doagou-Mojarrad, H. Razmi, and G. B. Gharehpetian, “Cost-based 
Optimal Sitting and Sizing of Electric Vehicle Charging Stations Considering 
Demand Response Programmes”, IET Generation, Transmission & Distribution, vol. 
12, no. 8, pp. 1712-1720, 2018. 
[22] M. Treiber, and A. Kesting, Traffic Flow Dynamics: Data, Models and Simulation, 
Springer, 2013. 
[23] E. W. Dijkstra, “A note in two problems in connexion with graphs,” Numerische 
Mathematik, vol. 1, no. 1, pp. 269-271, Dec. 1959. 
[24] S. Chang, H. Li, and K. Nahrstedt, “Charging Facility Planning for Electric 




[25] A. Y. S. Lam, Yiu-Wing Leung, and X. Chu, “Electric Vehicle Charging Station 
Placement: Formulation, Complexity, and Solutions,” IEEE Trans. on Smart Grid, 
vol. 5, no. 6, pp. 2846-2856, Nov. 2014. 
[26] S. Sun, Q. Yang, W. Yan, “Hierarchical Optimal Planning Approach for Plug-in 
Electric Vehicle Fast Charging Stations Based on Temporal-SoC Charging Demand 
Characterisation”, IET Generation, Transmission & Distribution, vol. 12, no. 20, pp. 
4388-4395, 2018. 
[27] F. He, Y. Yin, and J. Zhou, “Deploying Public Charging Stations for Electric Vehicles 
on Urban Road Networks,” Transportation Research Part C, vol. 60, pp. 227-240, 
Sep. 2015. 
[28] Y. Xiong, J. Gan, B. An, C. Miao, and A. L. C. Bazzan, “Optimal Electric Vehicle 
Fast Charging Station Placement Based on Game Theoretical Framework,” IEEE 
Trans. on Intelligent Transportation Systems, vol. 19, no. 8, pp. 2493-2504, Aug. 
2018. 
[29] S. Guo, and H. Zhao, “Optimal Site Selection of Electric Vehicle Charging Station 
by Using Fuzzy TOPSIS Based on Sustainability Perspective,” Applied Energy, vol. 
158, pp. 390-402, Sep. 2015. 
[30] P. Phonrattanasak, and N. Leeprechanon, “Optimal Placement of EV Fast Charging 
Stations Considering the Impact on Electrical Distribution and Traffic Condition,” in 
Proc. International Conference and Utility Exhibition on Green Energy for 
Sustainable Development, Mar. 2014. 
[31] G. Celli, F. Pilo, G. Monni, and G. G. Soma, “Optimal Multi-Objective Allocation of 
Fast Charging Stations,” in Proc. International Conference on Environment and 
Electrical Engineering, Jun. 2018. 
109 
 
[32] G. Wang, Z. Xu, F. Wen, and K. P. Wong, “Traffic-Constrained Multiobjective 
Planning of Electric-Vehicle Charging Stations,” IEEE Trans. on Power Delivery, 
vol. 28, no. 4, pp. 2363-2372, Oct. 2013. 
[33] A. Shukla, K. Verma, and R. Kumar, “Multi-objective Synergistic Planning of EV 
Fast-Charging Stations in the Distribution System Coupled with the Transportation 
Network”, IET Generation, Transmission & Distribution, vol. 13, no. 15, pp. 3421-
3432, 2019. 
[34] N. Neyestani, M. Y. Damavandi, G. Chicco, and J. P. S. Catalão, “Effects of PEV 
Traffic Flows on the Operation of Parking Lots and Charging Stations,” IEEE Trans. 
on Smart Grid, vol. 9, no. 2, pp. 1521-1530, Mar. 2018. 
[35] W. Wei, L. Wu, J. Wang, and S. Mei, “Expansion Planning of Urban Electrified 
Transportation Networks: A Mixed-Integer Convex Programming Approach,” IEEE 
Trans. on Transp. Electrification, vol. 3, no. 1, Mar. 2017.  
[36] M. Gallus, R. Waraich, F. Noembrini, K. Steurs, G. Georges, K. Boulouchos, K. 
Axhausen, and G. Andersson, “Integrating Power Systems, Transport Systems and 
Vehicle Technology for Electric Mobility Impact Assessment and Efficient Control,” 
IEEE Trans. on Smart Grid, vol. 3, no. 2, pp. 934-949, Jul. 2012. 
[37] A. Espinosa, and L. Ochoa, “Probabilistic Impact Assessment of Low Carbon 
Technologies in LV Distribution Systems,” IEEE Trans. on Power Systems, vol. 31, 
no. 3, pp. 2192 – 2203, May 2016. 
[38] Y. G. Pinto, F. C. L. Trindade, J. C. Cebrian, and W. W. Teixeira, “Investigation of 
Infrastructural Solutions to Mitigate the Impacts of EV Recharging at LV Networks,” 
in Proc. Innovative Smart Grid Tech. Conference – Latin America (ISGT-LA), Quito, 
Ecuador, Sep. 2017. 
110 
 
[39] Map data copyrighted by OpenStreetMap contributors. Available: 
https://www.openstreetmap.org. 
[40] Brazilian Institute of Geographic and Statistics (IBGE). “2010 Brazilian Census”. 
Available: https://censo2010.ibge.gov.br/ [in Portuguese]. 
[41] National Vehicle Traffic Department, “2018 Fleet of Vehicles per city”. Available: 
https://infraestrutura.gov.br/component/content/article/115-portal-denatran/9484. 
[42] Decree number 5452/1943, Presidency of the Republic: Judicial Office. [Online]. 
Available: https://www.planalto.gov.br/ccivil_03/Decreto-Lei/Del5452.htm [in 
Portuguese]. 
[43] J. L. Fleiss, B. Levin, and M. C. Paik, Statistical methods for rates and proportions, 
3rd ed., New York, John Wiley & Sons, 2003. 
[44] M. Smith, and J. Castellano, “Costs Associated with Non-Residential Electric 
Vehicle Supply Equipment,” U.S. Department of Energy, DOE-EE-1289, Nov. 2015. 
[45] Campinas City Executive Office, “Decree Number 15,499/2017 – Generic Land 
Values”. [in Portuguese]. 
[46] Victoria Transport Policy Institute – VTP, “Transportation Cost and Benefit 
Analysis: Techniques, Estimates and Implications,” Victoria, Australia, Oct. 2016. 
[47] J. P. Snyder, “Map projections: A working manual.”, U.S. Government Printing 
Office, 1987. 
[48] A. Horni, K. Nagel, and K. W. Axhausen, The Multi-Agent Transport Simulation 
MATSim, Ubiquity Press, London, 2016. 




[50] J. Quirós-Tortós, L. Ochoa, S. Alnaser, and T. Butler, “Control of EV Charging 
Points for Thermal and Voltage Management of LV Networks,” IEEE Trans. on 
Power Systems, vol. 31, no. 4, pp. 3028 – 3039, Jul. 2016. 
[51] IEEE Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage 
Regulators, IEEE Std. C57.91, Mar. 2012. 
[52] CPFL Energia, “GED 2855: Fornecimento em Tensão Primária 15 kV e 25 kV – 
Volume I”. [in Portuguese]. Campinas, Brazil, 2018. Available at: 
http://sites.cpfl.com.br/documentos-tecnicos/GED-2855.pdf 
[53] P. Farris, N. Bendle, P. Pfeifer, and D. Reibstein, Marketing Metrics: The Definitive 
Guide to Measuring Marketing Performance, 2nd ed., New Jersey, USA, Pearson 
Education, 2010. 
[54] Mitsubishi Electric & Electronics, “MLU Series – 205/255 Wp -Technical 
Specifications”, CA, USA. [Online]. Available: 
https://www.mitsubishielectricsolar.com/images/uploads/documents/specs/MLU_sp
ec_sheet_250W_255W.pdf. 
[55] Brasil Park Estacionamentos, “Parking spaces parameters”. [Online]. Available at: 
http://www.brasilpark.com.br/tecnico/vaga. 
[56] Cepagri, “Irradiance data”. [Online]. Available at: http://www.cepagri.unicamp.br/. 
[57] The Batstorm Project, “Battery Storage to Drive the Power System Transition”, 
European Commission, 2018. Available at: 
https://ec.europa.eu/energy/sites/ener/files/report-
_battery_storage_to_drive_the_power_system_transition.pdf 
[58] Brazilian Electricity Regulatory Agency – ANEEL, “Resolução Homologatória Nº 
2.381, de 3 de Abril de 2018”. Available at: 
http://www2.aneel.gov.br/cedoc/reh20182381ti.pdf [in Portuguese]. 
112 
 
[59] National Institute of Aerospace Research - INPE, “Atlas Brasileiro de Energia Solar”, 
2nd Ed., 2017. Available at: http://urlib.net/rep/8JMKD3MGP3W34P/3PERDJE [in 
Portuguese]. 
